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GENERAL ABSTRACT 
This thesis describes the evolUtionary ecology of rainbow bee-eaters 
(Merops ornatus), a migratory, cooperatively breeding, and colonially nesting 
bird. The thesis focuses upon (i) their breeding biology, (ii) the effects of 
introduced species upon nesting, (iii) the ornamental and morphological 
correlates of reproductive success that have arisen through sexual selection, and 
(iv) their cooperative and colonial nesting behaviour. The reproductive output 
from 433 nests was monitored over four breeding seasons (1997/98 to 2000/01) 
in the open sclerophyll forests and heathlands of Cooloola National Park, 
southeast Queensland, Australia. Morphological measurements and blood 
samples were obtained from 414 adult birds and 435 chicks. The sex of each 
individual was determined using a PCR-based technique. 
Rainbow bee-eaters nest either in simple pairs, or with the assistance of a 
single - usually male - helper. Alpha-males are larger than females in all body 
size and most ornamental traits. All adults possess elongated central tail feathers. 
The lengths of male tail ornaments are distinctly bimodal, though the categories 
of tail ornament length do not correlate with age or breeding status, and thus 
remain enigmatic. Alpha-male testosterone peaks prior to mating, while the low 
testosterone of helper-males suggests they are hormonally incapable of 
reproduction. Helper-males advertise their lower status with reduced 
ornamentation. 
Bee-eaters nest in self-excavated tunnels, ensuring predation by native 
predators (lace monitors Varanus varius and yellow-footed antechinus 
Antechinus jlavipes) is rare, affecting only 10% of nests. The duration of the 
incubation and nestling period is variable and protracted. Eggs are laid and hatch 
asynchronously, usually at intervals of 0-3 days, creating an appreciable size 
hierarchy within the brood, which facilitates the death of 22% of chicks via 
starvation. 
The long nesting period of bee-eaters means that the nests are vulnerable 
to predation by two introduced species: cane toads (Bufo marinus) and dingoes 
( Canus lupus dingo). Cane toads ruin one-third of all nest attempts by usurping 
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the bird's nests and preying upon their eggs and small chicks. The toads can 
return to nests from which they were evicted after being released up to 1200 m 
away. Further, they are more likely to find artificial nests containing a small food 
reward than an empty nest, suggesting the toads use olfactory cues to find food. 
These data demonstrate that cane toads are active and efficient predators. 
Dingoes 'farm' bee-eater chicks by preying most often upon nests containing 
very large offspring in larger colonies of bee-eaters, even though they are aware 
of the presence of nests containing only eggs. 
Rainbow bee-eaters possess multiple plumage ornaments. In females, the 
different ornaments correlate with different aspects of reproductive potential 
(territory size, nesting date and clutch size), supporting the 'multiple message 
hypothesis' for multiple ornamentation. Pairs form assortatively according to a 
number of traits. Females paired to males with long tail ornaments nest earlier in 
the season, which is likely to improve reproductive success. The tail ornaments 
are costly aerodynamic handicaps that reduce the body condition of males and 
inhibit the production of red blood cells required for the high flight demands of 
nesting. Rainbow bee-eaters are able to ameliorate these costs by shedding their 
tail ornaments after most females have been fertilised. High quality birds are able 
to maintain their tail ornaments further into the breeding season. 
Females incubate for longer durations than alpha-males or helpers and as 
a result lose mass rapidly while nesting. In contrast, males gain weight in 
preparation for their return migration. Females lighten their incubation workload 
in the presence of an auxiliary. C9operative trios enjoy significantly higher 
reproductive success (mean= 2.96 fledglings per nest) than pairs (2.01 fledglings 
per nest) because (i) helpers increase the overall provisioning rate, and (ii) 
cooperatively breeding adults are higher quality birds than their pair-breeding 
counterparts. 
Colonies of up to 50 nests form wherever large patches of bare ground 
containing firm sand can be found. Group mobbing by bee-eaters in colonies can 
thwart the predatory attempts of lace monitors. Therefore, large colonies 
represent 'safe havens' from the bee-eaters' principal native predator. High 
quality birds are able to nest in colonies, whereas low quality birds are either 
despotically excluded or choose to nest in small colonies or solitarily, where 
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there is a far greater risk of losing their nest to predation. Reproductive success 
increases with colony size because of (i) the lower predation rates by native 
species, and (ii) the high proportion of high quality birds. However, reproductive 
success is low in very large colonies (50 nests) because high feeding rates 
deplete the local food supply leading to chick starvation. 
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Chapter one: general introduction and thesis outline 
THE BEE-EATERS: FAMILY MEROPIDAE 
The bee-eaters, family Meropidae, order Coraciiformes, are comprised of about 
two-dozen extant species (Sibley and Monroe 1990; Fry 2001). The family 
occurs predominantly throughout the Afro-Asian tropics, although one species, 
the rainbow bee-eater Merops ornatus, has reached Australia, while one other, 
the European bee-eater M apiaster, has reached southern Europe. About half of 
the bee-eaters are fully migratory, while the others are partial migrants or 
sedentary (Fry 2001). 
The social and breeding behaviours of several species of bee-eaters have 
now been studied in some detail, and often with fascinating results. For example, 
a long-term study of cooperative breeding in white-fronted bee-eaters M. 
bullockoides has formed the basis for one of the classic models of cooperative 
breeding (Emlen 1982; Emlen and Wrege 1989). The study revealed that these 
bee-eaters live in some of the most complex social organisations ever recorded in 
birds (e.g. Hegner et al. 1982; Hegner and Emlen 1987). Females are confronted 
with sexual chases that sometimes lead to forced copulations, as well as high 
rates of brood parasitism by interloping females (Emlen and Wrege 1986). 
Further, breeding adult males will sometimes disrupt the nest attempts of their 
own sons, which causes the younger males to help at the nest of their harassing 
fathers (Emlen and Wrege 1992). 
Possibly as a result of such a complex and multifarious social 
environment, there appears to have been selection for social intelligence in bee-
eaters. In two remarkable recent studies, little green bee-eaters M. orientalis have 
been demonstrated to possess a theory of mind (Smitha et al. 1999; Watve et al. 
2002), which has traditionally been regarded as the sole preserve of humans, or 
at most, the great apes. This sophisticated mental capacity may lend weight to 
early, anecdotal reports of tool use by rainbow bee-eaters (Barrett 1945). 
Some colonies of carmine M nubicus and rosy bee-eaters M malimbicus 
contain more than 10,000 simultaneously active nests. Yet, several other bee-
eater species, such as blue-headed bee-eaters M muelleri, nest strictly solitarily 
(Fry 2001). There is evidently considerable diversity in social and breeding 
behaviours amongst the bee-eaters, making this family fertile ground for 
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comparative studies of social organization. However, rainbow bee-eaters, the 
southernmost of all the Meropidae, have never been studied in detail. 
RAINBOW BEE-EATERS: MEROPS ORNATUS 
Rainbow bee-eaters are small-medium (24-36 g) migratory birds, which spend 
the austral winter in northern Australia and eastern Indonesia (including Bali, the 
Lesser Sundas and Sulawesi), east to New Guinea, the Bismarck Archipelago, 
and occasionally the Solomon Islands (Blakers et al. 1984; Higgins 1999). 
Vagrants have been found as far north as Japan (Ornithological Society of Japan 
1974). In late August and September, most of the population begins their journey 
south to breed throughout mainland Australia. Large breeding populations are 
found around Darwin, Broome and south-west Western Australia, and, in 
particular, across much of eastern Australia (Blakers et al. 1984). Because 
rainbow bee-eaters build their underground nests at the end of metre-long 
tunnels, their breeding habitat is restricted to areas where the substrate is 
accessible and composed of a type of sand that can be augered to a metre or more 
without subsiding. For this reason, one of the most likely places to find breeding 
rainbow bee-eaters is at Cooloola National Park, in south-eastern Queensland, 
which, together with Fraser Island World Heritage Area, forms the Great Sandy 
National Park. As the name suggests, the area is composed of relatively 
undisturbed vegetation lying atop vast areas of firm sand, making it ideal nesting 
habitat for rainbow bee-eaters. It is here that I conducted the fieldwork for this 
thesis. 
Until now, rainbow bee-eaters have rarely been studied (see Higgins 1999 
for a complete bibliography of rainbow bee-eater studies). Most previous 
inquiries have been short-term projects that have investigated aspects of their diet 
(Lea and Gray 1935; Serventy and Whittell 1976; Calver et al. 1987; Saffer and 
Calver 1997; Bellis and Profke 2003a), their interactions with apiarists (Goebel 
1984), their roosting behaviour (Bellis and Profke 2003b), or provided 
opportunistic observations of their migratory behaviour (Mathews 1918; Draffan 
et al. 1983; Garnett 1985). 
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Nonetheless, these brief accounts have presented some tantalising facts. 
For example, Draffan et al. (1983; and Garnett 1985) report hundreds of dead, 
underweight bee-eaters literally piled up beneath trees on islands on their 
migratory route. Herman Lau (in Campbell 1900) describes (in his 
characteristically flamboyant style) predation of rainbow bee-eater nests by 
eastern brown snakes Pseudonaja textilis and lace monitors Varanus varius. 
Sloane (1916) describes, in a more sombre, poetic way, high levels of nest 
predation by introduced foxes Vulpes vulpes in a once-thriving population of 
bee-eaters on the Murray River, Victoria. 
There have been few studies of the nesting behaviour of rainbow bee-
eaters. This is surprising since they were among the first birds in the world 
reported to be cooperative (Boland and Cockburn 2002). In 1930 Comrie-Smith 
observed three adults attending a single nest. This account is of some historical 
interest, as it precedes Skutch's (1935) manuscript, which is (often vigorously) 
cited as the first record of cooperative nesting for any species on earth (see 
Boland and Cockburn 2002). Nonetheless, for decades only limited observations 
of their breeding behaviour were reported (e.g. Morris 197 6, 1977; Courtney 
1977; Fry 1984). It was not until Filewood et al. (1977) colour-banded sixteen 
birds, and found that three adults sometimes attended a single nest that Comrie-
Smith' s observations were confirmed. The most significant study of rainbow 
bee-eaters prior to this one was an investigation into the eco-physiology of chick 
development (Lill 1993; Lill and Fell 1997). Although the sample size was 
modest, Lill (1993) was able to obtain important preliminary information about 
the nesting behaviour of rainbow bee-eaters, in particular, that nestling growth 
was highly flexible, and surprisingly long for such a small bird. 
The number of helpers per nest varies considerably between breeding 
populations of rainbow bee-eaters, suggesting that there is a degree of 
behavioural plasticity in this species. In southern Victoria, four out of 17 nests 
had between one and three helpers (Lill 1993; Lill and Fell 1997). Likewise, Fry 
(1984) noted that five out of 35 nests examined in Perth, WA, had either one or 
two helpers (Fry et al. 1992). However, banding of individual birds revealed that 
up to eight adult bee-eaters attended one nest in northern Victoria (Morris 1976). 
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One consistent theme to emerge from these previous studies is that 
rainbow bee-eaters exhibit various levels of sociality. For example, they roost 
colonially in clumps of 30 to several thousand birds (Mathews 1918; Lord 1933; 
Warham 1957; Bell 1970; Peckover and Filewood 1976; Kloot and Aston 1983; 
Saunders 1994; Salver and Caffer 1997). Over 300 birds have been found in 
evening roosts in Darwin, with individuals travelling more than 1 km to join 
these social roosts (Bellis and Profke 2003b ). 
Furthermore, they nest either solitarily or socially, across a range of 
colony sizes, and in varying densities (North 1901; Peckover and Filewood 
1976). At Rottnest Island, WA, bee-eaters nest solitarily (Saunders and de 
Rebeira 1993). In Perth, Fry (1984) observed 34 nests spaced at 0.1 nests per 
hectare. A colony of 55 nests found near Jindabyne, NSW, was dispersed at 0.9 
nests per hectare (Higgins 1999). In comparison, a casual observer described a 
colony of perhaps 100 nests, which had become established at an abandoned gold 
mine in central Victoria (Salter 1988). Likewise, in New Guinea, colonies of 
hundreds of nests have been reported (Peckover and Filewood 1976). 
These findings indicate that rainbow bee-eaters have a flexible social 
system, which makes them ideal for a study comparing aspects of their 
reproductive ecology across different local population sizes. These observations 
also highlight the unusual combination in rainbow bee-eaters of cooperative 
breeding with migration and coloniality, which are often regarded as mutually 
exclusive behaviours (e.g. Cockburn 2003). In this thesis, I examine the 
influence of colony size (from one to fifty active nests) on several different 
aspects of the breeding biology of rainbow bee-eaters, including its influence on 
sexual selection, nest-site selection, predator avoidance, rate of cooperative 
breeding, and reproductive success. 
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THESIS OUTLINE 
The body of the thesis is divided into eight chapters that fall into four sections, 
which discuss (i) breeding biology, (ii) predation by introduced species, (iii) 
sexual selection, and (iv) cooperation and coloniality. I have also included two 
appendices that are frequently referred to throughout the thesis. Each chapter 
deals with a discrete topic, written in a style suitable for publication, which 
therefore makes a general literature review and a general discussion redundant. I 
have endeavoured to minimise the inevitable repetition of methods by cross-
referencing to other chapters. In each case, tables and then figures are placed at 
the end of each section in which they are first described. Several of the chapters 
have already been published in the scientific literature, as indicated on the title 
page of each chapter. The rest are intended for publication in the near future. 
Section one: Breeding biology 
Chapter two describes the morphology of rainbow bee-eaters. The 
gender of each captured bird had been determined using a molecular technique. 
Rainbow bee-eaters are found to be sexually dimorphic in their plumage 
ornaments and morphology. The tail ornaments of males are unusual in that they 
are distinctly bimodal. I examine the testosterone profiles of males in the 
population. 
Chapter three examines the breeding biology of rainbow bee-eaters. I 
describe their basic reproductive and life history parameters, and introduce 
aspects of the social and mating system that are dealt with in greater detail in 
subsequent chapters. Here I present the most detailed description of the study 
site. The breeding biology of a number of species of bee-eaters has now been 
studied (e.g. Dyer 1983; Bryant and Tatner 1990; Emlen 1990; Lessells 1990), 
and a fundamental aim of the chapter is to compare my results with those from 
studies of other bee-eaters from around the world. Birds were not individually 
colour banded (a) because the .short legs of rainbow bee-eaters meant that 
multiple colour bands could not be applied safely, and (b) bee-eaters have a 
strong tendency to 'hide' their legs when perched meaning that colour bands 
were rarely visible to the observer. 
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Section two: introduced species 
Chapter four presents the first evidence for a serious, negative effect of 
cane toads (Bufo marinus) on the Australian avifauna. This study provides 
observational and experimental evidence demonstrating that cane toads are 
efficient and active nest predators of bee-eaters. Researchers have rarely 
considered cane toads as significant predators of native fauna. For example, in 
his exceptional and comprehensive review of the history and ecology of the cane 
toad invasion of Australia, Lever (2001) devotes only four lines to the potential 
effects cane toads might be having as predators of native wildlife. This is 
surprising, as cane toads were specifically introduced to Australia based on their 
reputation as voracious, indiscriminate predators! I review available reports on 
the predatory behaviour of cane toads, which indicates that cane toads have the 
predatory ability, and the numerical abundance, to have a potentially devastating 
effect on populations of ground-dwelling animals, in much the same way as they 
are currently wreaking havoc on rainbow bee-eaters at Cooloola National Park. 
Chapter five explores the impacts of another introduced species on the 
breeding biology of rainbow bee-eaters - this time, the effects of dingoes (Canis 
lupus dingo), which were introduced to Australia some 4000 years ago (Corbert 
1995). At the larger colonies of bee-eaters, dingoes delay preying upon nests 
until the chicks are at their maximum size. In essence, the dingoes 'farm' 
rainbow bee-eaters. 
Section three: sexual selection 
Chapter six discusses the role of multiple and mutual ornaments in this 
very ornate species. Despite the fact that all bee-eaters . are exceptionally 
beautiful and ornate birds, with many species possessing exaggerated tail 
feathers, sexual selection has not been studied in any member of the group. 
Indeed, studies of sexual selection in the Coraciiformes are generally lacking 
(Andersson 1994). Rainbow bee-eaters are found to pair assortatively according 
to a number of traits, many of which are correlated with reproductive success and 
recapture rates, suggesting that they are honest signals under the influence of 
sexual selection. Further, the ornaments possessed by the female are typically 
less conspicuous versions of the male trait, but nonetheless they correlate with 
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several aspects of female reproductive behaviour, suggesting that they are 
condition-dependent traits. 
Chapter seven focuses more closely on one of the ornaments introduced 
in the previous chapter, specifically the elongated central tail feathers. Although 
studies of tail ornaments have provided some of the classic evidence for sexual 
selection (e.g. Andersson 1982; M0ller 1988), there have been surprisingly few 
demonstrations of the physiological costs of such ornaments, particularly from 
species other than barn swallows (e.g. M0ller 1994; see Evans and Hatchwell 
1992 for a rare exception). Here I present evidence of both a benefit (early 
breeding) and a cost (reduced body condition and impaired haematocrit) of a 
sexually selected tail ornament. Further, the chapter describes a novel trait: the 
adaptive loss of the tail ornament post-breeding, which serves to ameliorate these 
costs once pairing has been achieved. 
Section four: cooperative and colonial breeding 
Chapter eight details the cooperative breeding biology of rainbow bee-
eaters. There is some evidence . of reproductive role division amongst pairs, as 
females incubate for longer durations and provision chicks more frequently, 
while males return larger food items to the nest. I discuss the costs of 
reproduction (as measured by mass loss), which is most acute for females during 
the incubation phase. Females that are assisted by a male-helper (in addition to 
her partner) are able to lighten their incubation load. The additional food brought 
to cooperative nests reduces chick starvation and increases reproductive success. 
Interestingly, there are several lines of evidence to suggest that part of the 
improvement in reproductive success enjoyed by cooperative nests is due to the 
fact that adults with helpers are themselves higher quality birds. 
Chapter nine explores the effects of coloniality on reproductive success. 
Birds nesting solitarily or in small colonies (less than eight nests) are far more 
likely to lose their nests to native predators than birds in larger colonies (sixteen 
to fifty nests). As a consequence, larger, higher quality birds tend to nest in larger 
colonies at the exclusion of lower quality birds. Reproductive success generally 
increases with colony size, however it falls dramatically amongst nests in the 
largest colony as a result of local food depletion. 
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Appendices: methodological and historical considerations 
Appendix one is methodological, where the main aim 1s simply to 
describe and assess a new device that I designed and utilised to overcome the 
difficulties of monitoring the reproductive progress of rainbow bee-eaters that 
lay their eggs at the end of deep, dark tunnels. This 'burrowscope' was critical to 
the success of the project. The burrowscope was also used for a pilot study that I 
conducted concurrently at Cooloola National Park of nesting in spotted 
pardalotes (Pardalotus punctatus), which are probably the world's smallest 
tunnel-nesting bird. The information presented in this chapter will have 
important applications for other fields of biological inquiry. 
Appendix two arose, in part, from my desire to read 'everything ever 
written' about rainbow bee-eaters. In doing so, I came across a description from 
1930 (by Elizabeth Comrie-Smith) of cooperative breeding in rainbow bee-eaters 
(the subject of Chapter eight). This is significant because most reviews of 
cooperative breeding state unequivocally that the mating system was first 
discovered by the American, Alexander Skutch, in 1935 (e.g. Rowley 1968; 
· Emlen 1991; Stutchbury and Morton 2001, to name but three). Further 
exploration revealed that cooperative breeding was very frequently discussed in 
early Australian literature, presumably because it is such a significant component 
of the mating systems of many Australian birds (e.g. Cockburn 1996). When 
Andrew Cockburn and I were invited to write a review of cooperative breeding 
in Australian birds as part of the centenary celebrations of The Emu, we decided 
to 'set the record straight', by writing this manuscript. The work focuses almost 
entirely upon the two best-studied cooperative breeding birds in Australia, the 
superb fairy-wren (Malurus cyaneus: Green et al. 1995), and the white-winged 
chough (Corcorax melanorhamphos: Boland et al. 1997a,b; Boland2004). The 
chapter nonetheless highlights the long fascination of cooperative breeding to 
ornithologists, and (tangentially) illustrates that cooperative breeding in rainbow 
bee-eaters has been the subject of written specu_lation for almost 75 years. 
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SEX-AND STATUS-RELATED MORPHOLOGY AND 
TESTOSTERONE PROFILES OF COOPERATIVELY 
BREEDING RAINBOW BEE-EATERS 
Chapter two: plumage and morphology of rainbow bee-eaters 
ABSTRACT 
At Cooloola National Park, Queensland, rainbow bee-eaters (Merops omatus) 
breed both cooperatively and colonially. Here I document differences in the 
morphology and plumage between female, breeding-male and helper rainbow 
bee-eaters, the sexes of which were determined using a PCR-based DNA test. 
Cooperative groups are always composed of a breeding pair plus a single 
helper, which is usually (n=48/52) a male. Rainbow bee-eaters are sexually size 
dimorphic with alpha-males being 3% larger than females. Females, alpha-
males and helpers all possess sexually selected elongated central tail feathers. 
Although the tail ornaments are considerably longer in alpha-males, the female 
tail ornaments are nonetheless much longer than was previously recognised. The 
tail ornaments of alpha-males (and helpers) exhibit an unusual, bimodal 
distribution such that shorter-tailed males possess a 'female-like ' ornament. 
However, it is unlikely that this represents an example of female mimicry since 
other aspects of these short-tailed birds are characteristically male. The area of 
the black gorget (throat badge) is also dimorphic. In contrast, the height of the 
azure cheek stripe is thicker in females. Alpha-male testosterone levels declined 
steadily after mating. Helper males had very low circulating testosterone at all 
stages of nesting, which suggests that they are incapable of reproduction. The 
helpers exhibited an unusual mosaic of masculine and feminine features, which 
probably serves to honestly signal their lower status during territorial 
interactions. 
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INTRODUCTION 
Rainbow bee-eaters (Merops ornatus) are cooperatively breeding, migratory 
birds (order Coraciiformes) that breed either solitarily, or in small, loose colonies 
(Chapter nine). They are a socially monogamous, biparental species, with 
conventional sex roles (Chapter eight). As suggested by both their common and 
Latin names, this species is particularly ornate, with multiple and variable 
plumage ornaments, which are shared by all adults (including helpers-at-the-
nest). In particular, they have elongated central tail feathers ('pintails'), 
iridescent azure cheek stripes, and a jet black 'gorget' (i.e. 'throat badge'), as 
well as black eye stripes that overlay a cherry-red eye, a sky blue rump, rufous 
crown, and golden throat, all of which is superimposed upon a striking golden-
green body. 
A population of rainbow bee-eaters nesting within Cooloola National 
Park, soutl~east Queensland, Australia, was studied between August 1997 and 
January 2001. In this chapter, I analyse the morphology and plumage of breeding 
males, females, and helpers, to determine whether any sex- or status-related 
'information' is displayed by their phenotrpe. 
METHODS 
Study population 
Rainbow bee-eaters are tunnel-nesting birds that lay their. clutch of 2-7 
eggs between late September and mid-December. Replacement clutches are laid 
if the first nest is destroyed by predation or flooding. At Cooloola National Park, 
rainbow bee-eaters nest either solitarily, or in loose colonies of up to 50 active 
nests (Chapter three). Breeding is performed by unassisted pairs (55% of nests), 
or as trios ( 45% of nests: (Chapter eight). A detailed description of the study site 
is provided in Chapter three. 
17 
Chapter two: plumage and morphology of rainbow bee-eaters 
Field methods 
The nesting activity of 433 bee-eater nests from four breeding seasons 
was monitored at varying levels of intensity. Nest monitoring protocols and 
general field methods are detailed elsewhere (Chapter three; Appendix one), as 
are methods of determining group size (Chapter eight) and colony size (Chapter 
nine). Nests were monitored most intensively during the first three field seasons 
(Chapter three). 
In total, 414 adults were captured in their nests by covering the nest 
entrance with mist netting. Each bird was banded with an individually numbered 
aluminium band supplied by the Australian Bird and Bat Banding Scheme. A 
blood sample (20-150 µL) was taken via venipuncture and stored in 'Queen's 
Lysis Buffer'. This enabled the gender of each captured bird to be retrospectively 
(and unequivocally) determined using a DNA-based test that relies on PCR-
amplification of a section of the CHDl gene (CHDl-W and CHDl-Z) located on 
the avian sex chromosomes (see Griffiths et al. 1998 for more details of the 
·method). 
Body mass was measured to the nearest 0.1 g using a Pesola spring 
balance. Wing length and outside tail feather length were measured to 1 mm 
using a steel ruler. Head-bill length and tarsus length were measured to 0.1 mm 
using dial callipers, although tarsus length was only taken in the first field season 
(1997/98). Body condition was determined from the residuals of a regression of 
body mass versus head-bill length (cf. Brown 1996). 
Plumage analysis 
The amount by which the two central tail feathers (rectrices) extended 
beyond the rest of the tail was measured to the nearest 0.1 mm with dial callipers. 
In some birds one or both of the tail ornaments were broken, as evidenced by the 
lack of a racket at the end of the ornament. Birds with broken tail ornaments 
were excluded from analyses involving ornament length, unless specifically 
stated otherwise. Adult rainbow bee-eaters have a distinct, horizontal stripe of 
bright azure feathers on each cheek below a clearly delineated black eye band. 
The horizontal width and vertical height of the azure cheek stripe were measured 
to the nearest 0.1 mm using dial callipers. In addition, adults have a dark, well-
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defined black gorget that is roughly rectangular and overlays the rest of the 
golden-green feathers of the ventral surface. The horizontal width and vertical 
height of the black gorget was measured to 0.1 mm using callipers. Finally, 
rainbow bee-eaters have a wash of blue feathering, which is spread patchily 
under the throat around the gorget. The amount of blue feathering was given a 
categorical rating of 0-'6, where 0 represents no blue feathering and 6 represents 
maximal blue feathering. 
A sub-sample of 100 birds was randomly selected to test whether the area 
of the azure cheek stripe and the black gorget could in fact be accurately 
measured in the field using these simple methods (i.e. with dial callipers). A 
mobile 'studio' was constructed to ensure that each bird was photographed in an 
identical position. First, a single-lens reflex camera (a Pentax ILX 35-mm with a 
Pentax-M 1 :4 50-mm Macro lens) was fixed to a camera mount and permanently 
set at a focal length of 23.4 cm. The bird was then placed on its right side with 
the head and bill set inside a . balsawood template that kept each bird in an 
identical position, thus enabling the left side of the bird's face to be 
photographed by the mounted camera. The balsa template and the bird were then 
turned over so that the right side of the bird could be photographed. The bird was 
then placed on its back on a second balsa template in which the tip of the bill was 
gently placed under a wooden groove. This again lightly maintai:p.ed each bird in 
an identical posture such that the black gorget could be photographed. While the 
template prevented the birds from moving, no pressure was placed on any part of 
the bird's body other than that exerted by holding the bird in the hand. The birds 
showed no signs of distress during this procedure. 
Birds were photographed using premium-quality slide film (Fujichrome 
Velvia 1 OOF). Each slide was scanned at a resolution of 1000 dots per inch (using 
a Polaroid Sprintscan 35/LE scanner) and transferred to the computer program 
Adobe Photoshop v 7.0. The 'lasso' tool was then used to precisely trace the 
perimeter of the azure cheek stripe (if the photograph was a lateral view) or the 
black gorget (if the photograph was a ventral view). The Adobe Photoshop 
program was then used to calculate the exact number of pixels contained within 
the area delineated by the lasso tool to provide a precise measure of the area of 
the bird's plumage ornament. The area of each patch was estimated three times 
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per individual, and the average of the three measures was used as the final 
estimate of patch size. Pixel count proved to be a reliable measure of patch size 
as there were very tight correlations between consecutive measures of the same 
trait (gorget area: F1,9s=8354; r2=0.99; left cheek stripe: Fi,98=4509, r2=0.98; right 
cheek stripe: 2033, r2=0.95: see also Langmore and Bennett 1999). Note that 
while this system measures the size of the bird's ornament, it provides no 
indication of the relative brightness of each trait, nor does it provide any measure 
of ultraviolet reflectivity. 
Testosterone analysis 
Some blood samples taken from birds captured in the third (1999/2000) 
and fourth (2000/01) field seasons were used for analysis of testosterone levels. 
In those years, blood samples were collected in heparinised capillary tubes and 
stored vertically on ice (for up to 3 hrs) until they were transported to the 
laboratory and spun in a micro-haematocrit centrifuge for 8 minutes at 12000 
rpm to separate the plasma from the packed cells. The plasma was extracted and 
stored at-70°C, while the blood was suspended in Queen's Lysis Buffer. 
Testosterone concentrations were determined within 10 months of blood 
collection using an 1251 radioimmunoassay (Pantex T-direct No. 135, Pantex, 
Santa Monica, Ca, USA). This assay shows high specificity for testosterone 
(relative cross reactivity for 5a-dihydrotestosterone = 6.9 %, all other steroids < 
0.5%). Intra-assay variability was estimated by the manufacturer as 7.9-10.5%, 
and inter-assay variability as 8.1-12%. We adapted this assay to accommodate 
small plasma volumes and low testosterone titres by halving the volumes of all 
other assay reagents, thus effectively doubling the recommended sample volume 
and increasing assay sensitivity (see also Peters et al. 2000). Assay linearity was 
maintained at these reduced volumes, as checked with testosterone (Pantex) and 
with plasma from other passerine birds (Passer domesticus and~Lichenostomus 
penicillatus, L.B. Astheimer unpublished data). 
Plasma samples were analysed in two separate replicates of 15-30 µl 
each, with the mean of the two assays taken as the final value in analyses. The 
effective range of the assay was truncated below 0.03 ng/ml (approximately 90% 
binding). Testosterone values below the assay detection limit were classified as 
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'no detectable testosterone present'. Sample sizes for testosterone analyses are 
lower than those for other variables, because not all captured birds yielded 
sufficient plasma for analysis of duplicate samples. 
Statistical analysis 
Statistical analyses were performed in Gensta,t Release 5.1 (Genstat 
committee 1993). Rainbow bee-eaters nested in discrete colonies of 1-50 nests 
that were repeatedly sampled during the study. Therefore, data from birds 
captured within a particular colony may not have been independent. 
Accordingly, "Colony name" was included as a random factor in all residual 
maximum likelihood (REML) mixed models, to account for any repeated 
sampling within an unbalanced design (Genstat committee 1993). Diagnostic 
residual plots were checked for any evidence of unequal variance and deviance 
from normality. 
Testosterone values were In-transformed to normalise residuals. 
Circulating testosterone levels can vary during the day and may also be affected 
by long delays between capture and blood sampling. Therefore, we initially 
included the time of capture and the delay to sampling in all statistical analyses 
involving testosterone. However, there was no evidence for an effect (linear or 
non-linear) of time of day or delay between capture and sampling (always< 20 
min) on testosterone levels (all P>0.3). 
Although the birds did not appear to be stressed when trapped in the net 
or whilst being handled, if several birds were captured at once, some individuals 
were returned before all measurements had been taken, to speed up the release of 
the birds. Thus, in some of the statistics presented here, the sample sizes of 
particular measurements may vary between analyses. However, in every reported 
statistic, all available data were included in each analysis. 
RESULTS 
During the four breeding seasons, 414 different nesting adults and helpers were 
captured at least once, comprising 188 breeding females, 174 breeding males, 
and 52 helpers. The large majority (48/52=92%) of helpers were males. 
Hereafter, the term 'alpha-males' refers to paired, breeding males, while 
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'helpers' refers to non-breeding, male auxiliaries. As female helpers were rare, 
they are not discussed or included in further analyses. 
The two methods of determining the area of plumage ornaments (i.e. 
using callipers in the field and digital calculation from photographs) provided 
very similar estimates for the area of azure cheek stripes and the black gorget, 
respectively (Left cheek: F1,s3=25.6; P<0.0001; r2=0.28; Right cheek: F1,s3=24.9; 
P<0.0001; r2=0.28; black gorget: F1,83=100.3;P<0.0001; r2=0.55). This suggests 
that the field-based methods applied to a much larger sample of birds provided a 
reasonably accurate means of estimating the area of the coloured plumage 
patches. 
Rainbow bee-eaters were sexually dimorphic in all measured structural 
traits, with alpha-males (i.e. breeding males) being 2-6% larger than females 
(Table 1 ). The central tail feathers extended well beyond the rest of the tail and 
were extremely variable in both sexes. In both alpha-males and helpers alike, the 
tail ornaments were distinctly bimodal (hereafter referred to as 'short-tailed' or 
'long-tailed' Fig. 1) and were, on average, approaching twice the length of 
female ornaments (Table 1 ). Nonetheless, some females still had relatively long 
ornaments, extending up to 54 mm beyond the tail feathers (Table 1), which was 
longer than 86% of alpha-male. ornaments in this population. On average, alpha-
males within the population also had significantly longer and wider black 
gorgets. However, although alpha-males had longer azure cheek stripes than 
females, the height of the azure cheek stripe was reverse-dimorphic, with females 
having significantly thicker cheek stripes than alpha-males. Females also had 
more of the 'messy' blue feathering around the gorget (Table 1). 
Since considerable overlap exists between alpha-male and female 
measurements in all measured characters, morphological differences between the 
sexes are of a predominantly statistical nature. Discriminant function analyses 
were performed to determine whether cumulative variation in these traits was 
sufficient to distinguish between alpha-males, females and helpers (e.g. Green 
and Theobald 1989; Weidinger and van Franeker 1999). The analysis, which 
included all measured traits except tarsus length, accurately assigned sex to 82% 
(n=126/154) of females, and 90% (n=128/142) of alpha-males. Helpers were 
often incorrectly designated, either as females in 20% (n=6/30) of instances, or 
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as alpha-males in 37% (n=l 1/30) of instances. Variance ratios (or 'v': the 
amount of variation between groups divided by the amount of variation within 
groups), which is a measure of a trait's contribution to discrimination, indicate 
that head-bill length (v=86.2), wing length (v=73.9) and gorget height (v=3 l.5) 
held the greatest power to discriminate between the three classes of birds. Thus, 
although mean tail ornament length exhibits the greatest level of sexual 
dimorphism (Table 1), the frequent breakage of ornaments (see Chapter seven), 
plus the hyper-variability in ornament length, means that the trait is not a 
particularly useful one for discriminating between sexes (v=13.0). 
The bimodality of alpha-male tail ornament length was analysed to 
determine if the two classes of ornament length correlated with other aspects of 
male morphology. However, the phenotypes of 'short-tailed' and 'long-tailed' 
alpha-males were almost identical in every other measured trait (ANOV As: all 
P>0.21). In addition, short-tailed alpha-males were statistically distinguishable 
from females in all measured traits (ANOV As: all P<0.05). 
Pairwise analyses revealed significant correlations between several 
morphological characters, particularly among the alpha-males (Table 2). In 
addition, the horizontal width of the azure cheek stripe reflects the head-bill 
length in both females (F1,110=3.94; P=0.049) and alpha-males (F1,159=4.69; 
P=0.03). However, the vertical height of the cheek stripe varies independently of 
head-bill length both sexes (all P>0.2). Finally, the area of the gorget is 
correlated with body condition in alpha-males (F1,145=8.16; P=0.005), but not in 
females (F 1,1s4=l .54; P=0.22) or helper-males (F 1,33=0.41; P=0.53). 
Because of the high rates of nest predation, only 27 banded chicks (15 
female, 12 male) from 9 broods fledged during the first two years of the study. 
Five chicks, all males, were recaptured in the subsequent season. All were 
recaptured within their natal breeding colony. Four of these males (2 short-tailed, 
2 long-tailed) were helpers at their parent's nest; the other (long-tailed) was 
breeding independently. 
Sufficient plasma for testosterone assays was extracted from 64 
individuals (44 alpha-males, 12 females, and 6 helpers). Alpha-male circulating 
testosterone levels were highly variable (maximum = 1.73 ng/ml), and usually 
higher than female levels (maximum= 0.2 ng/ml: x21=2.97; P=0.09). When only 
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those alpha-males currently engaged in their first nest attempt were included in 
the analysis (n=27), there was a clear decline in circulating testosterone levels 
after egg laying (REML: x21=9.31; P=0.002: Fig. 2). To prevent possible nest 
desertion, birds were seldom captured prior to laying, when testosterone levels 
might potentially be higher. Males that were captured prior to attempting their 
second nest had either very high (1.73 ng/ml; n=l), or alternatively, essentially 
undetectable (n=3) levels of circulating testosterone. All helper-males (6/6 = 
100%) had essentially undetectable levels of testosterone (maximum = 0.5 
ng/ml), which was not dependent upon nest age (x21=0.44; P=0.57), and 
significantly lower than that of breeding males (x21=6.87; P=0.01: Fig. 2). 
However, this result should be interpreted with caution because the sample size 
of helpers from which sufficient plasma was extracted was small. There was no 
correlation between the level of circulating testosterone in alpha-males and the 
level of expression of any measured ornament (all P>0.2). 
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Table 1. Variation in the morphology of rainbow bee-eater alpha-males (M), 
females (F) and helpers (H): (a) structural traits, and (b) plumage traits. 'M/F 
dim' refers to the percentage dimorphism of alpha-males versus females (alpha-
male/female x 100) and ANOVA results (F ratio and P value); similarly, 'H/F 
dim' = dimorphism between helpers and females; 'M/H dim' = dimorphism 
between alpha-males and helpers. CV denotes coefficient of variation 
(a) Structural traits of rainbow bee-eaters 
Character Sex Mean CV Min Max n M1F dim H/F dim M/Hdim 
Body M 29.3 6.65 24.0 36 155 102.5 98.6 103.9 
mass F=8.8 F=0.68 F=7.91 (g) F 28.6 8.29 22.5 36 187 P=0.003 P=0.41 P=0.005 
H 28.2 6.20 24.5 32 30 
Head- M 57.4 4.08 48.5 63.6 148 105.5 105.0 100.5 bill 
F 54.4 3.43 48.9 60.2 178 F=l58.3 F=43.8 F=0.42 (mm) P<0.0001 P<0.0001 P=0.52 
H 57.1 4.09 50.4 62.6 30 
Wing M 115.3 5.02 105 122 148 103.1 102.6 100.5 length 
F 111.8 4.65 104 119 162 F=126.7 F=23.9 F=0.89 (mm) P<0.0001 P<0.0001 P=0.34 
H 114.7 3.30 105 122 30 
Tail M 76.2 5.02 68 83 148 
length 101.2 101.6 99.6 
F 75.3 4.65 69 85 162 F=4.92 F=4.93 F=0.12 (mm) P=0.03 P=0.03 P=0.73 
H 76.5 4.69 70 83 30 
Tarsus M 13.5 5.56 11.8 15.0 39 102.7 103.0 99.5 length 
F 13.2 5.84 11.7 14.3 34 F=4.16 F=4.55 F=0.32 (mm) P=0.04 P=0.04 P=0.57 
H 13.6 5.15 12.3 14.9 15 
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(b) Plumage traits of rainbow bee-eaters 
Character Sex Mean CV Min Max n M1F dim H/F dim M/Hdim 
Azure M 20.5 11.6 13.8 27.3 145 110.8 103.8 106.8 
stripe 
F 18.5 12.4 10.7 24.6 170 F=58.6 F=2.4 F=5.96 
width P<0.0001 P=0.12 P=0.02 (mm) 
H 19.2 15.5 12.7 24.3 30 
Azure M 2.59 24.3 0.5 4.3 145 93.2 91.7 101.6 
stripe 
F 2.78 22.9 1.2 5.6 170 F=7.15 F=2.9 F=0.07 height P=0.008 P=0.08 P=0.79 (mm) 
H 2.55 28.6 0.7 3.8 30 
Black M 22.0 16.7 10.8 30.5 145 104.8 100.0 104.8 
gorget 
F 21.0 15.4 14.2 29.6 170 F=6.14 F=0.59 F=3.86 
width P=O.Ol P=0.45 P=0.05 (mm) 
H 21.0 18.7 13.9 26.6 30 
Black M 9.72 25.0 2.9 16.4 145 121.0 106.3 113.8 gorget 
F 8.03 26.3 3.3 17.9 170 F=40.2 F=l.21 F=4.86 height P<0.0001 P=0.27 P=0.03 (mm) 
H 8.54 32.6 2.9 13.5 30 
Blue M 0.58 0 6 160 
under 
1.89 0 6 178 F=76.0 F=l.50 F=l0.4 bib F 
(0-6) P<0.0001 P=0.22 P=0.002 
H 0.89 0 6 28 
Tail M 44.2 35.3 12.6 73.3 103 183.4 166.4 110.2 
ornament 
F 24.1 29.5 12 54 153 F=193.6 F=64.7 F=l.19 length P<0.0001 P<0.0001 P=0.28 (mm) 
H 40.1 40.4 13.8 64.9 22 
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Table 2. Pearson correlation coefficients between morphological characters of 
rainbow bee-eaters in (a) females and (b) alpha-males. Significant correlations 
are bolded. Analyses involving tail ornaments include birds with complete 
ornaments only. Further, because alpha-male central tail ornaments are distinctly 
bimodal, analyses involving alpha-male ornament lengths were only conducted 
on alpha-males with ornaments longer than 30 mm (see text). Adding data from 
short-tailed alpha-males does not change the nature of any relationships. 
(a) Females 
Body Ornament Tail Wing Tarsus 
mass length length length length 
(g) (mm) (mm) (mm) (mm) 
Head- r=0.15 r=0.02 r=0.11 r=0.16 r=0.15 
bill n=178 n=145 n=l63 n=l58 n=34 
(mm) P=0.04 P=0.78 P=0.16 P=0.05 P=0.41 
Tarsus r=0.19 r=-0.10 r=0.11 r=0.50 
length n=33 n=27 n=32 n=33 
(mm) P=0.30 P=0.61 P=0.56 P=0.003 
Wing r=0.29 r=-0.07 r=0.17 
length n=l56 n=l27 n=157 
(mm) P=0.0002 P=0.43 P=0.03 
Tail r=0.13 r=0.01 
length n=l61 n=131 
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(b) Alpha-males 
Body Ornament Tail Wing Tarsus 
mass length length length length 
(g) (mm) (mm) (mm) (mm) 
Head- r=0.37 r=0.07 r=0.21 r=0.35 r=0.45 
bill n=163 n=84 n=159 n=157 n=39 
(mm) P<0.0001 P=0.54 P=0.008 P<0.0001 P=0.004 
Tarsus r=0.39 r=0.26 r=0.19 r:;:0.37 
length n=38 n=18 n=39 n=39 
(mm) P=0.02 P=0.29 P=0.25 P=0.02 
Wing r=0.35 r=-0.04 r=0.39 
length n=157 n=81 n=157 
(mm) P<0.0001 P=0.75 P<0.0001 
Tail r=0.06 r=-0.15 
length n=159 n=82 
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Figure 1. Distribution of central tail ornament lengths in males, females, and 
helper-males. Tail ornament lengths are grouped into 5-mm categories, 
beginning from the measure indicated below each bar. Mail and helper-male tail 
ornaments are distinctly bimodal. Data from birds in which both tail ornaments 
were broken are not shown. 
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Figure 2. Testosterone titres for breeding-males (closed circles) and helper-
males (open circles) with respect to nest age (first egg laid at Day - 25; eggs 
hatch at Day O; chicks fledge around Day 29). Each point represents a different 
male. The solid line describes the model prediction for breeding-males. 
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DISCUSSION 
The key results of this study can be summarised as (i) rainbow bee-eaters are 
sexually size dimorphic, (ii) alpha-male (and helper) tail ornaments are bimodal, 
with 'short-tailed' alpha-males possessing 'female-like' ornaments, (iii) the azure 
cheek stripes are thicker in females, (iv) helper morphology is a mosaic of both 
alpha-male and female characteristics, and (v) male testosterone levels decline 
after mating, whereas helper males are always low. These results are discussed in 
detail below. 
Sexual dimorphism and tail ornamentation 
Rainbow bee-eaters were sexually dimorphic in all measured traits. 
Alpha-males were about 3% largerin all body size parameters, which is typical 
for monogamous species (Payne 1984; Andersson 1994). In contrast, the three 
measured plumage traits (i.e. the azure cheek stripes, the black _gorget, and the 
elongated central tail feathers) were considerably more dimorphic, and more 
variable, which suggest these traits are epigamic ornaments (cf. Andersson 
1994). Phenotypic variation is typically much greater in epigamic traits (with 
coefficients of variation [CVs] usually more than 10%) compared with ordinary 
morphological characters (Fitzpatrick 1997). In this species the CV s of the 
plumage and tail ornaments of both sexes ranged from 10-40%, and were up to 
eight times more variable than the measured morphological traits. 
The collective dimorphism of the measured traits was sufficiently large to 
enable the sex of the vast majority of birds in the study site to be correctly 
identified using discriminant function analyses. It is unlikely then that rainbow 
bee-eaters are able to conceal their gender, as demonstrated in some other birds 
(Burley 1981; Langmore and Bennett 1999). 
The most dimorphic trait measured was tail ornament length, with alpha-
male mean ornament length approaching twice that of the females. Nonetheless, 
female maximum ornament length is still considerably longer than was 
previously realised. It has often been claimed that male and female bee-eaters 
have almost non-overlapping tail ornaments (e.g. North 1901; Serventy and 
Whittell 1976; Fry et al. 1992; Higgins 1999). Females were said to have a 
maximum tail ornament of 27 mm, whereas the tail ornaments of males were 
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thought to always exceed 26 mm (e.g. Higgins 1999; Fry et al. 1992). For 
example, the most authoritative synthesis of Australian ornithology claims the 
sexes could be "readily separated by [the] different length and shape of tail 
streamers" (Higgins 1999: 1210). However, the molecular sexing technique 
revealed that although the distribution of female ornament sizes was uni-modal 
around the mean of 24 mm, some females possessed ornaments as long as 54 
mm, which exceeds the length of more than 85% of male ornaments in the 
population. Moreover, males exhibited a distinctly bimodal distribution of tail 
ornament lengths. Short-tailed males had a comparable mode to that of females, 
while long-tailed males were on average twice as long. Thus any previous study 
that has inferred gender on the basis of tail length should be treated with caution. 
The pintails of rainbow bee-eaters are aerodynamic handicaps: any 
extension of the central tail feathers beyond that of the outer tail feathers 
increases drag in proportion to its length (Balmford et al. 1993; Thomas 1993; 
Evans 2004). Therefore, the pintails must have arisen through sexual selection. 
Indeed, high quality female rainbow bee-eaters, which nest earlier in the season 
(Chapter six; Chapter nine), pair with alpha-males with the most exaggerated tail 
ornaments (Chapter seven). Hence, the bimodal distribution of male tail 
ornament length is perplexing. One possible explanation for the observed 
bimodal pattern is that ornament length is an age-related phenomenon. However, 
this is not the case as first-year birds possess either short or long ornaments. 
Male ornament length does not appear to signal breeding status: short-tailed 
males bred independently at some nests, but were helpers at others. Likewise, 
some helpers were short-tailed, while others were long-tailed. 
One possibility is that short-tailed males are mimicking females, as has 
been suggested for some other birds (cf. Burley 1981 ). This might benefit these 
birds by reducing the number and/or intensity of territorial interactions from 
other, more competitive males (Saetre and Slagsvold 1996; Langmore and 
Bennett 1999). However, this explanation was not supported, since in every other 
measured trait, short-tailed males were statistically indistinguishable from long-
tailed males, and moreover, easily discernible from females. Thus, it is unlikely 
that other individuals would be unable to identify the sex of short-tailed males. 
Further, both short- and long-tailed males frequently lose their pintails (Chapter 
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seven). Therefore, the bimodality of male tail ornament length in rainbow bee-
eaters still requires explanation. 
The height of the iridescent azure cheek stripe 1s subtly, though 
significantly, larger in females, despite the fact that every other measured trait 
was larger in alpha-males. The blue coloration of these plumage patches results 
from the microstructure of feather barbules, which is typically a purely 
ornamental and condition-dependent trait that reflects individual quality (Finger 
1995; Keyser and Hill 1999, 2000). Digital video filming of rainbow bee-eaters 
at the nest (Chapter eight) has revealed that the azure cheek stripes can be flared 
from the sides of the face, which further emphasises the ornament. 
Female ornamentation can arise and be maintained via either direct or 
indirect selection. The indirect selection hypothesis posits that the degree of 
expression of an ornament in females is of no current fitness value, and is only 
expressed because of its nonadaptive genetic correlation ·with a trait that is 
directly selected for in males. Natural selection acts to reduce the expression of 
the ornament in females (Lande 1980; Lande and Arnold 1985; e.g. Cuervo et al. 
1996; Roulin et al. 2001). However, the fact that the azure cheek ornament is 
wider in females than in males clearly contradicts the genetic correlation 
hypothesis for this ornament. Thus, there must be direct selection for larger 
female cheek stripes in rainbow bee-eaters, with the size of the badge 
presumably indicative of some aspect of female condition, which would be 
amenable for use in male mate choice (Parker 1983; Johnstone et al. 1996), or in 
social signalling (Tanaka 1996: Chapter six). 
Testosterone profile and breeding status 
The testosterone titres of alpha-males declined steadily after egg laying, 
which is typical of a socially-monogamous species (Wingfield et al. 1990; Raouf 
et al. 1997; Hirschenhauser et al. 2003). Testosterone plays· a critical role in 
mediating the trade-off in male reproductive effort between courtship and 
parental effort. In socially monogamous species, testosterone is elevated early in 
the breeding season when territories are established, pairs bonds are formed, and 
spermatogenesis peaks, but steadily decreases thereafter when males provide 
increasing levels of parental care (Wingfield and Moore 1987; Wingfield et al. 
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1990). In contrast, among polygynous species, testosterone levels remain high 
throughout the breeding season, as males attempt to attract additional social 
mates while providing comparatively less parental care (e.g. Peters et al. 2001; 
Beletsky et al. 1995). 
In contrast, all helpers had essentially undetectable levels of testosterone. 
However, this result should be treated cautiously as the number of sampled 
helpers was low. Testosterone is required to stimulate the maturation of gonads, 
spermatogenesis, and the expression of reproductive behaviour (Wingfield et al. 
1990; Hirschenhauser et al. 2003). Thus, rainbow bee-eater helpers may be 
hormonally incapable of reproduction. Although such 'psychological castration' 
occurs in several other cooperatively breeding species (e.g. pied kingfishers 
Ceryle rudis: Reyer et al. 1986; white-browed sparrow weavers Plocepasser 
mahali: Wingfield et al. 1991), it is not universal (e.g. superb fairy-wrens 
Malurus cyaneus: Peters et al. 2002). 
Although male and female rainbow bee-eaters are sexually dimorphic, 
male helpers possess an unusual mosaic of masculine and feminine features. 
While the body mass of helpers is similar to that of females, all other body size 
measures fall entirely within the typical alpha-male range. Helper tail ornament 
length is equally masculine, even following the distinctly bimodal distribution of 
the lengths of alpha-male ornaments. Conversely, most colour ornaments are 
feminine, with one exception: helpers possess a masculine (in this case, 
narrower) version of the azure cheek stripe, which, notably, is the one trait that is 
larger in females. 
Why do male helpers possess predominantly feminine facial features 
despite their predominantly masculine bodies? Few banded nestlings were 
recaptured during the study, but the limited data indicates that most helpers are 
young (yearling) males. They are almost certainly sexually mature, since some 
birds banded as nestlings were found to be breeding independently in their first 
season. 
The female-like plumage of male helpers is not likely to be a product of 
selection for female-mimicry (e.g. Rohwer et al. 1980; Saetre and Slagsvold 
1996) since helpers exhibit several overt traits that are distinctively masculine, 
notably the larger head-bill, wings and tail, and - in some individuals at least -
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the elongated tail ornaments. Furthermore, if helpers had been selected to mimic 
females, they would be expected to exhibit the thicker azure cheek stripes that 
characterise females. Instead, they possess the smaller, masculine version of this 
trait. Instead, the female-like plumage of male helpers appears to be an honest 
advertisement ofreduced quality (e.g. Lyon and Mongomerie 1986). 
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ABSTRACT 
The breeding biology of rainbow bee-eaters (Merops omatus) was studied 
between 1997 and 2001 in southeast Queensland, Australia. Rainbow bee-eaters 
are unusual in that they combine migration, coloniality and cooperative 
breeding. Birds migrate from islands north of Australia to build nests either 
solitarily or in colonies containing up to fifty active nests that are attended by 
socially monogamous pairs (55% of nests) or trios (45% of nests). Nesting was 
essentially forsaken during very dry seasons, whereas hatching success was 
reduced in wet seasons. The duration of the incubation period was variable with 
chicks emerging 22-31 days after incubation had commenced. Eggs hatched 
either synchronously or more commonly asynchronously (88% of clutches) with 
each chick emerging usually 0-3 days after the previous hatchling in the nest. 
This typically led to a marked size hierarchy within the brood, facilitating the 
starvation of 22% of nestlings that had avoided nest disasters such as predation 
or flooding. The duration of the nestling period was also variable with chicks 
requiring a further 24-36 days to fledge. Nest predation by native predators 
(monitor lizards V aranus varius and yellow-footed antechinus Antechinus 
flavipes) was relatively low, affecting 10% of nests. In contrast, predation by two 
introduced species (dingoes Canis farniliaris dingo and, in particular, cane toads 
Bufo marinus) was extreme, terminating 49% of all nests~ 
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INTRODUCTION 
The bee-eaters (Family Meropidae) are one of nine or ten families that comprise 
the avian Order Coraciiformes (Sibley and Monroe 1990; Fry 2001). About 
twenty-five extant species of bee-eaters are currently recognised, predominantly 
occurring throughout tropical Afro-Oriental regions. There is considerable 
diversity in social and breeding behaviours amongst the bee-eaters. They may be 
sedentary or migratory, pair breeding or cooperative (Fry 2001; Burt 2002). 
Some species nest solitarily, others nest in some of the most complex social 
organisations recorded among birds (e.g. Hegner et al. 1982; Hegner and Emlen 
1987). Thus, the family presents a fertile ground for comparative studies of 
social organization. 
Only one species, the migratory rainbow bee-eater (Merops ornatus) 
occurs in Australia, nesting throughout much of the mainland (Blakers et al. 
1984) and some parts of New Guinea (Peckover and Filewood 1976). While 
some may overwinter in northern Australia, their principal wintering grounds are 
in the lowlands and forest clearings of New Guinea and most islands west to 
Lombok and north to Sulawesi (Fry eta/. 1992). 
The rainbow bee-eater is an abundant, widely distributed and popular bird 
in Australia, yet - unlike some other bee-eater species - relatively little is known 
of its breeding biology (Lill 1993). They arrive in Australia in September 
(Higgins 1999) where they typically nest solitarily or in loose aggregations (Fry 
et al. 1992), though they can also nest in dense colonies comprising hundreds of 
nests (Peckover and Filewood 1976; Salter 1988). Breeding is carried out by 
unassisted pairs or in cooperative groups (Comrie-Smith 1930; Filewood et al. 
1977). 
Bee-eaters are aerial insectivores, sallying from preferred vantage perches 
for a wide variety of prey (Serventy and Whittell 1976; Calver et al. 1987; Saffer 
and Calver 1997). The prey species of rainbow bee-eaters, including those at 
Cooloola National Park, vary quite dramatically in local abundance in response 
to temperature, wind, rainfall, and flower phenology (Roberts 2002). Bee-eaters 
therefore should employ life history tactics to overcome such unpredictability. 
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Here I present data collected from an intensive study of the breeding 
biology of rainbow bee-eaters nesting in southeast Queensland from August 
1997 to January 2001. The breeding biology of this species is compared with that 
of other bee-eaters. 
METHODS 
Study Site 
This study was conducted at the 56,000-hectare Cooloola National Park 
(26° OO'S, 153° 02'E), in southeast Queensland, Australia. The soil is typically 
sandy, occasionally with a thin humus layer. The vegetation of the national park 
consists of a complex mosaic of rainforest, dry sclerophyll forest and open heath. 
Climatic data for Double Island Point I Rainbow Beach (located within the 
national park, less than 10 km from most nests) were obtained from the 
Australian Bureau of Meteorology. Mean minimum and maximum daily 
temperatures throughout the breeding seasons during the study were 18.5°C and 
26.5°C, respectively. The mean annual rainfall of the area is 1447 mm, with 
distinct wet summers. On average, only 15% of annual precipitation falls in the 
austral spring quarter when most bee-eaters are nesting, whereas 33% of rain 
falls during the summer quarter. 
Nest sites 
From late August each year, I began regularly inspecting areas of open 
sclerophyll forests and heath throughout the study site for evid'ence of nesting. 
The nest is an unlined, ovoid chamber built at the end of a straight tunnel that has · 
been excavated directly into flat or sloping ground, or in cliff faces. Nest depth 
was measured to the nearest centimeter by carefully inserting a calibrated length 
of linear dowel into the nest until it touched the rear wall of the nest chamber. At 
some nests, the height and width of the entrance was measured to the nearest 
millimeter using dial calipers. 
Once a nest was found, the area about the nest was thoroughly searched 
for the presence of other nests. Nests that had no other active bee-eater nests 
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nearby (within approximately 500 m) were classified as 'solitary' nests. A 
nesting area was considered to be a 'colony' if two or more active nests were 
found in close proximity (i.e. less than 50m away from another nest). Nests 
located 50-500 m away from another nest were not used in this study, as it was 
not clear if they constituted a 'loose colony' or a series of 'partially solitary' 
nests. At the end of the breeding season, the latitudinal and longitudinal distance 
of each nest from a fixed reference point within each colony was measured to the 
nearest metre and all nest locations were plotted on a scale map. The location of 
any extensive vegetative cover was also plotted on the map. The map was 
scanned and a minimum area polygon was drawn around the plotted nests using 
Adobe Photoshop v 7.0 enabling the area of each colony to be accurately 
measured using the Delta-T Version 2 software package. The area of cleared 
ground cover was also determined in this way. All nests used in the study were 
located within 18 km of each other. 
Trapping and handling 
After a nest had been located, I attempted to capture the birds attending 
the nest. This was achieved by waiting for an adult to enter the nest and then 
placing a simple 'hoop net' directly over the nest entrance, causing the bird to be 
trapped as it attempted to depart the nest. Adult birds were not captured until 
several days after the clutch had been completed to minimize disturbance to the 
birds whilst egg laying. In order to gain access to the nestlings, a hole was 
carefully excavated into the back of the nest chamber. After handling, the chicks 
were returned to the nest via the access hole, which was then sealed off using a 
plastic plate, and back-filled with the original sand. Rainbow bee-eaters always 
resumed nesting activities soon after. There was no nest desertion of eggs or 
young as a result of this procedure. The plastic plate was recovered after the 
breeding season had finished. 
A single, numbered, aluminium leg band was fitted to all captured adults 
and to nestlings over 12 days old. A small blood sample (20-150 µL) was taken 
from the brachial vein so that gender could be unequivocally determined using a 
molecular test (Griffiths et al. 1998). All birds were released as soon as possible 
after capture. 
43 
Chapter three: breeding biology of rainbow bee-eaters 
Monitoring breeding success 
Nest attempts were monitored usmg a purpose-built 'burrowscope', 
which consisted of a tiny (16x22 mm) video camera lens mounted on the end of a 
2m length of flexible conduit that housed a live feed to a monitor (Appendix 
one). This system enabled the timing of laying, hatching, brood reduction, 
predation, and fledging events to be determined with great accuracy and minimal 
interference to the nest. Each nest could be examined in less than a minute using 
this system (Appendix one). Nests were checked daily when important nesting 
events arose (e.g. laying, hatching, fledging). If the clutch had been completed 
prior to the nest being located then laying date was estimated by subtracting the 
mean incubation period of 24 days (see Results) from the hatching date. 
Likewise, if the clutch had already hatched (n=9) then laying date was estimated 
on the basis of morphometric measurements and growth curves calibrated from 
nestlings of known age. 
Most productivity losses were caused by four main factors: (i) hatching 
failure, if unhatched eggs were observed in the nest bowl or near the entrance of 
the nest; (ii) brood reduction, if one or more nestlings - usually the smallest -
died in the nest (dead chicks are not removed from the nest); {iii) nest collapse, 
when sand subsided and blocked the nest tunnel; or (iv) predation, which due to 
the very different strategies of the principal nest predators was unambiguous. 
Predation was ascribed to (a) lace monitor lizards faranus varius, if the entire 
nest tunnel had been bored out to a height of 10-15 cm and a width of 15-20 cm; 
(b) yellow-footed antechinus Anter;hinus flavipes, if either the mammal or partly 
consumed remains of the birds were found in the nest; ( c) . cane toads Bufo 
marinus, if the toad was still present inside the nest (Chapter four); or (d) dingoes 
Canis lupus dingo, if the entire nest had been dug out or if paw scratchings were 
visible around the nest entrance (Chapter five). 
Rainbow bee-eater chicks fledge about 29 days after hatching. Fledging 
success was taken as the number of nestlings present on the final visit to the nest, 
when they were at least 24 days old (provided there was no nest predation 
between day 24 and fledging). The contents of nests were rarely checked using 
the 'burrowscope' after this stage, as disturbance of chicks might have caused 
prefledging. This nonetheless provides a reasonably accurate reflection of nest 
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productivity since brood reduction rarely occurred after day 20 (C.R.J. Boland 
unpublished data). However, the nest was visually examined each day to 
determine if predation or fledging had occurred. Fledging date was simply 
defined as the date at which nestlings left the nest. Occasionally chicks fledged 
asynchronously. In these instances the adult birds fed the fledglings in a fairly 
conspicuous location close to the nest. Thus determining the number of chicks 
that had fledged by any given date was straightforward and unambiguous. 
Reproductive success was monitored in the first three breeding seasons 
(n=330 nests: 1997/98-1999/2000), but not in the fourth (2000/01) due to 
different research priorities. Sample sizes vary between reported statistics 
because different degrees of information were obtained from varying numbers of 
nests. In addition, the high rates of predation (see Results) precluded the retrieval 
of complete information for all nests. Accordingly, it was not possible in every 
instance to determine both clutch initiation date and clutch size for two reasons. 
First, at some nests, clutch initiation date had been observed, but final clutch size 
could not be determined because the nest attempt was destroyed prior to ·the 
clutch being completed or before final clutch size had been determined. Second, 
at other nests, the clutch had already been completed before its discovery 
(therefore enabling a measure of completed clutch size to be determined), but 
clutch initiation date could not be inferred as the nest was subsequently 
destroyed pre-hatching. Nonetheless, in each reported statistic, data from every 
available nest is used. Unless otherwise stated, all reported statistics refer to data 
collected during the first three breeding seasons (1997/98-1999/2000). 
RESULTS 
Breeding dispersion 
The rainbow bee-eaters in the study area nested in sparsely covered 
ground, wherever the sandy substrate was sufficiently firm that it could be 
hollowed to form a stable nest chamber. The aspect of 432 nests was determined 
over four years. Most nests were excavated in flat or gently sloping ground 
(343/432 nests=79%) rather than in steep surfaces (n=89). Nest entrances were 
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very often located directly beneath a tuft of vegetation or a rock or stick, , 
. presumably to help prevent the nest entrance from collapsing. Although nest 
holes were occasionally still present from the previous year, they were never re-
used. Nest construction normally took around 10 days. A random sample of nests 
was selected to measure nest dimensions. Nests were excavated to a depth of 118 
± 21 (s.d.) cm (range 70-180 cm, n=139). The nest entrance was 54 ± 4 (s.d.) 
mm high by 51.5 ± 3 mm (s.d.) wide (n=20). 
Colony size ranged from a single nest to 50 simultaneously active nests. 
The number of nests within a given colony varied very little between years (Fig. 
1 ), thus the information for nesting density for one year as presented below is 
essentially identical to data from all years. The number of nests in a given colony 
was tightly correlated with the amount of cleared ground cover in the area 
(F1,3=53.2; P=0.04; r2=0.95: Fig. 1). Nests within colonies of six or more nests 
were found in densities ranging from 11.1 - 15.5 nests ha-1• Nest density did not 
vary with colony size (F1,3=0.08; P=0.8). Over three years, nests within colonies 
were never closer than 2 m from any other nest, while mean inter-nest distance 
was 15.2 ± 9.1 (s.d.) m (n=321). 
Group structure was closely monitored at 180 nests. Nests were attended 
either by a simple pair (55%; n;:=99) or by a trio (45%; n=81). Not all adults from 
every nest were captured. Most of the auxiliaries captured were males 
(48/52=92%). As a consequence, 57.6% of all adults in the population were 
males. Auxiliaries assisted in all stages of nesting from nest construction to 
feeding fledglings. They were present from the beginning of the nest attempt and 
were never captured at any other nest. 
Over the first three years of the study, 284 adult birds were banded, 84 
(29.6%) of which were recaptured in another year. This represents the minimum 
return rate, as other banded birds were observed nesting in the area but were not 
recaptured. There was no sex bias in the likelihood of recapture ( 43/84 recaptures 
were female). 
At least one adult from 56/180 (3 Ll % ) nests was recaptured in the 
following season. 55/56 had returned to breed within the same colony of their 
previous year's nest. The mean distance moved within a colony between years 
was 22.0 ± 22.6 (s.d.) m (n=55). One breeding pair was located after having 
46 
Chapter three: breeding biology of rainbow bee-eaters 
moved to a new location ....: a formerly solitary nesting pair had traveled 2200 m 
to join a colony of 28 nests. All birds attending 30 nests were recaptured in 
successive years. Social relationships were usually stable, as 27 /30 (90%) 
recaptured pairs had remained intact. The divorced birds were always found in 
the same colony, though paired with another bird. 
Nesting 
Nineteen copulations were witnessed during the study. Copulation lasted 
3-30 seconds (mean=l 1 ± 7 s). A male would sometimes mount a female three or 
four times in succession. At one nest a male mounted a female for 30 seconds, 
only 1 m away from an impassive male helper. In another case, one male had to 
fight off four extra-group males to mate with a female. In every instance 
copulation was preceded by a nuptial food gift from the male. 
Females usually began laying eggs at least a week after completion of the 
nest tunnel. The (julian) laying date of 242 nesting attempts from three breeding 
seasons was determined. Nesting was quite synchronous (Fig. 2). The earliest 
egg was laid on 28 September. Most breeding occurred soon after this date with 
67% of all clutches initiated in the 14-day period from 5-18 October, inclusive. 
Median clutch initiation date was 15 October. The last clutch was initiated on 12 
December. There was no difference between the mean clutch initiation dates of 
the first three years of the study (ANOVA: F2,239=0.33; P=0.72). 
In the fourth season (2000/01) the area was in drought. Less than 2 mm of 
rain had fallen between 25 August and 11 October (compared to a mean of 138 
mm for the comparable period in the previous three breeding seasons). On 5 
November, only four nests had been initiated throughout the study site. In the 
three previous seasons, 77% of clutches had been initiated by that date. On 6 
November heavy precipitation (more than 20 mm of rainfall in a day) fell for the 
first time that season, which was immediately followed by a marked increase in 
nesting activity. 
The clutches from 235 nests ranged in size from 2-7 eggs, with a mean of 
4.49 ± 0.87 (s.d.). Modal clutch size was 5 eggs. Eggs were usually laid in the 
morning at 48-hour intervals. Birds never re-nested if the first nest produced one 
or more fledglings. However, if nests failed early during the breeding effort then 
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a second clutch was often attempted. Second clutches contained significantly 
fewer eggs than first clutches (mean first clutch = 4.6 ± 0. 7 eggs; mean second 
clutch= 4.1±0.1 eggs; ANOVA: F 1,206=11.3; P=0.001: Fig. 3). Clutch size did 
not vary significantly between years (ANOVA: first clutches: F2,187=0.8; P=0.5; 
second clutches: F2,44=1.4; P=0.2; overall: F2,232=1.5; P=0.2). The size of the 
first clutch decreased significantly with clutch initiation date (F1,161=5.8; P=0.02: 
Fig. 3). Second clutches also declined with initiation date (F1,43=3.0; P=0.09), 
although with a reduced sample size this tendency was not significant. 
Eggs from first clutches (n=l42 eggs from 30 nests) measured 21.9 ± 0.7 
(s.d.) mm in length, 18.8 ± 0.6 (s.d.) mm in breadth, and 3.9 ± 0.2 (s.d.) g. Egg 
length and breadth were highly correlated (F1,139=68.2; P<0.0001). Egg volume 
was calculated as 0.00051 x length x width2 (Hoyt 1979). Mean egg volume of 
first clutches was 4.0 ± 0.3 cm3 (n=l42), and declined as the season progressed 
(F1,2s=4.7; P=0.04: Fig. 4). 
All adults at the nest incubated the eggs and brooded the naked chicks. 
Birds began incubating (i.e. remained inside the burrow for extended periods) 
after the first egg was laid. The interval between laying of the first egg and 
hatching was precisely determined using the burrowscope at 86 first nest 
attempts. The incubation period was highly variable with chicks emerging 22-31 
days after incubation commenced (mean=24.4 ± 2.2 [s.d.] days). The hatching 
intervals between each of the 137 eggs that hatched from 34 separate nests were 
determined. The degree of hatching asynchrony was again variable with each 
chick emerging from its egg usually 0-3 days after the previous hatchling in the 
nest (mean=0.8 ± 0.6 [s.d.] days). Mean total hatching-spread for the clutch was 
3.3 ± 2.0 (s.d.) days (range=0-7 days). All eggs hatched within 24 hours at 12% 
of clutches (4/34). 
From the 138 nests that survived till hatching (see below) 475/620 
(76.6%) eggs hatched (mean=3.44 eggs hatched per nest). Both parents (and their 
helper if present) fed the offspring. At 74 nests the length of the nestling period 
(hatching till fledging) was determined to the precise day. At these nests the 
nestling period varied from 24-36 days (mean=28.8 ± 3.3 days). Despite hatching 
on different days, most (59/74=79.7%) broods fledged Synchronously. The 
remainder of nests fledged at least one young up to 4 days after its sibling(s). It 
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was not possible to follow the birds . once they left the breeding site. However, 
opportunistic observations suggest that adult birds continued to feed fledglings 
for at least two weeks. 
Predation and reproductive success 
The reproductive output from 329 breeding attempts from three seasons 
was monitored (Fig. 5). Mean fledgling success per nest was 0.80 ± 1.50 (s.d.). 
The most significant loss of productivity was due to nest predation, which ended 
195 of 329 (59.3%) nests monitored. The great majority of nest predation was 
caused by two introduced species, dingoes and cane toads, which ruined 16% 
(n=54) and 33% (n=107) of all nest attempts, respectively. Cane toads would 
remain inside the nest chamber for several days preventing the adults from 
attending the nest. The toads also ate the eggs and small chicks (Chapter four). 
All breeding attempts that avoided introduced predators (n=168) 
produced 1.57 ± 1.80 (s.d.) fledglings per nest. Only a relatively small proportion 
(17%) of all predation was caused by native species. Lace monitors and yellow-
footed antechinus accounted for 7.6% (n=25) and 2.7% (n=9) of all nests, 
respectively. 
Twelve of the 329 (3.6%) breeding attempts failed because the nest itself 
collapsed. Most (10/12=83%) nest collapse occurred due to heavy downpours 
(i.e. when more than 20 mm of rain had fallen within 48 hours: n=l l occasions 
throughout the study). In contrast, only two nests collapsed during all the other 
days of drier weather throughout the three breeding seasons (contingency table 
analysis: x21=93.8: P<0.0001). 
Hatching success varied considerably between years (Fig. 6), with the 
wettest year (1998/99) having significantly reduced hatching success (ANOVA: 
F2,136=12.1; P<0.001). The entire clutch failed to hatch and was tossed from 
20/329 (6.1 %) nesting attempts. Typically (17/20 instances) the eggs were 
removed from the nest and deposited within 1 m of the nest tunnel entrance. This 
is particularly striking, given that bee-eaters practice no other form of nest 
sanitation. In 14/17 (82.4%) instances in which birds removed the eggs the same 
birds re-used the nest. Birds that tossed their clutch did not have a different 
length nest or abnormally sized clutch, and were not significantly different in any 
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measured morphometric trait (ANOV A: all P>0.15). The rate of egg tossing was 
particularly high during the wettest breeding season (1998/99), when 14/77 
(18%) nests failed for this reason. 
At 4/329 (1.2%) nests the breeding female was found dead at the nest. On 
three occasions, the female was found facing outwards from the nest entrance. At 
the other nest she was found dead less than a metre from the entrance. Females 
that died did not have any obvious wounds or injuries, however when last 
captured they were considerably lighter (weighing only 24.5 ± 1.1 [s.d.] grams) 
than the average female (weight = 28.6 g: Chapter two) within the population. 
No females were found dead at the nest while attempting their first clutch 
(n=l66). In contrast, four of 53 (7.5%) females that attempted a second clutch 
died (contingency table analysis: x21=12.8; P=0.004). 
The productivity of 98 nests that did not suffer from nest predation, nest 
collapse, hatching failure, or adult mortality was monitored. These 98 nests 
produced an average of 2.68 ± 1.59 (s.d.) fledglings. As mentioned above, mean 
hatching success equaled 3.44 eggs per nest. Thus, only 77.9% (2.68/3.44) of 
hatchlings survived till fledging. The chicks that died in the nest were usually 
(66/75=88%) the smallest chicks in the brood, suggesting the chick had died as a 
result of starvation due to sibling competition. At thirteen of these 98 nests 
sequential starvation of chicks lead to complete brood failure. 
Both clutch size and fledgling success was known at 79 nests. The 
number of young that fledged from a nest was closely related to the number of 
eggs that were laid (F1,77=16.9; P=0.001). Overall fledging success declined 
throughout the breeding season (F1,96=4.4; P=0.04). A multiple regression model 
indicates that the number of chicks fledged per first clutch declines both as clutch 
size decreases (F1,61=4.7; P=0.04) and (non-significantly) as the season 
progresses (F1,61=2.9; P=0.09). Second clutches had a tendency (ANOVA: 
F1,s3=0.52; P=0.06) to fledge fewer offspring (mean=2.3 ± 0.3 SE) than first 
clutches (mean=3.0 ± 0.2 SE) when nests lost to predation and flooding were 
discounted from the sample. 
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Figure 1. Number of active nests in a colony as a function of colony area. NB: 
Bars represent the total range observed at a colony between years. Figures above 
bars indicate the number of years that each colony size was counted. 
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Figure 2. Distribution of clutch initiation dates from all colonies over three 
breeding seasons (1997/98-1999/2000). The clutch initiation dates are grouped in 
10-day intervals, beginning from the date . indicated below each bar. Second 
clutches are only attempted if the first nest fails early in the attempt. 
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Figure 5. Distribution of nest outcomes for 329 breeding attempts from three 
breeding seasons. Cane Toads and Dingoes are introduced species. Lizards (i.e. 
Lace Monitors) and Antechinus are native predators. Adult mortality denotes 
nests at which the adult female died in the nest whilst incubating. Nest collapse 
occurred after heavy rainfall. Egg tossing denotes nests in which all eggs were 
dumped outside the nest entrance. Brood failure denotes nests in which all chicks 
sequentially starved. 
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Figure 6. Mean productivity per year (including nests at which all eggs were 
tossed from the nest, but excluding nests lost to predation or nest collapse). 
Figures above bars indicate sample sizes. Samples are larger for fledging success 
since some nests were located after eggs had hatched. 
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DISCUSSION 
Breeding dispersion 
Rainbow bee-eaters at Cooloola National Park appear to be nest-site 
limited as the number of nests in a colony was largely determined by the amount 
of available cleared vegetative cover. Birds nesting within each colony were 
highly territorial, vigorously ejecting intruding conspecifics from their nest area 
via spectacular, aerobatic pursuits that sometimes culminated in acute physical 
contact between individuals. This study, combined with previous records from 
Australia and New Guinea indicate that rainbow bee-eaters nest in a variety of 
colony sizes and densities, ranging from 0.1 to 25 nests per hectare (Fry 1984; 
Higgins 1999; Salter 1988), which suggests this species has a flexible social 
system that enables populations to take advantage of suitable nest conditions as , 
they arise. 
Rainbow bee-eaters have long been known to breed cooperatively 
(Comrie-Smith 1930; Appendix two). The number of helpers per nest appears to 
vary considerably between populations of rainbow bee-eaters, ranging from one 
to six helpers (Morris 1976; Lill and Fell 1997). In this study, while almost half 
of all nests had a helper, no more than one bird ever assisted a breeding pair..The 
helpers of rainbow bee-eaters were usually unpaired males that were present 
from the commencement of reproduction (Chapter eight). That is, they were 
never themselves 'failed breeders' that subsequently assisted at another nest, as 
sometimes occurs in white-fronted bee-eaters (M bullockoides: Emlen and 
Wrege 1988, 1991) and European bee-eaters (M apiaster: Jones et al. 1991). 
Emlen (1990) pointed out that white-fronted bee-eaters are atypical in 
that they combine coloniality with cooperative breeding. This is unusual as 
colonial species - by definition - do not inhabit the all-purpose territories that are 
thought to be 'typical' of most cooperative breeders. Furthermore, colonial 
species rarely develop the extended social bonds that are necessary for 
cooperation. Rainbow bee-eaters provide a further deviation from the 
archetypical cooperative breeding species: not only are they colonial, they are 
also migratory, which again is very unusual for cooperative birds (Cockburn 
2003) as migrants rarely maintain bonds with their young post-independence. 
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Interestingly, Garnett (1984) provides anecdotal evidence of such social cohesion 
among rainbow bee-eaters while on their southern (pre-breeding) migration: 
roosting birds often clustered in trios composed of two males and a female. In 
addition, whenever one individual was captured, the other birds would not 
continue the migration until the captured bird was released. There is also 
anecdotal evidence that families of European bee-eaters remain cohesive year-
round, as adults have been observed feeding their young on non-breeding 
grounds (Robinson and Robinson 1975). 
This study was not specifically designed to accurately determine 
. survivorship or recruitment rates (only sub-samples of birds nesting at colonies 
were captured each year and several banded birds are known to have returned to 
the colony that were not recaptured and identified). Nonetheless, a considerable 
share of the population returned and remained faithful to the colony. Birds that 
were recaptured upon return almost always re-nested within the boundaries of 
their former territory or immediately adjacent to it. Although very few studies 
have specifically investigated site fidelity in Australian migratory birds, there is 
increasing evidence that many return to nest in the same territory in successive 
years (Bell and Ford 1987; Magrath 1999; Legge and Heinsohn 2001; this study). 
Breeding pairs exhibited moderately high levels of social monogamy, 
with inter-year fidelity rates of 90%. Pairs of European bee-eaters and white-
fronted bee-eaters are equally monogamous, re-nesting together at 88% and 87% 
of nests, respectively (Lessells and Krebs 1989; Emlen and Wrege 1986). It 
seems quite remarkable that both sedentary and migratory bee-eaters have such 
similar rates of pair fidelity. 
Nesting 
Clutch size was affected by two factors. Firstly, the size of first clutches 
declined appreciably throughout the breeding season. Secondly, additional 
clutches (laid only by females that failed in their first attempt) were smaller than 
first clutches. Furthermore, mean egg volume within a clutch declined 
throughout the breeding season. Within many species, smaller eggs reduce the 
hatchlings' probability of survival (eg Pelayo and Clark 2003). Thus, in order to 
maximize reproductive success, it is critical for rainbow bee-eaters to begin 
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nesting early in the breeding season and for that first attempt to be successful. 
Hence, there is a strong tendency for synchronous nesting. 
Species that excavate their own nest cavities are normally delivered from 
high rates of predation, thereby minimizing selective pressure for rapid growth 
rates. Consequently, cavity-nesting birds generally take longer to develop in 
comparison with other altricial birds of equivalent mass (Lack 1968; Martin and 
Li 1992; Martin 1995). Bee-eaters conform to this model: nesting deep within 
self-excavated cavities, they usually encounter minimal predation (see below) 
and have correspondingly protracted development. Accordingly, mean 
incubation and nestling periods for rainbow bee-eaters are 50% longer than the 
value predicted allometrically from adult body and egg mass (Lill and Fell 1997). 
Hatching success at Cooloola National Park was quite low. Even after 
removing the effects of predation, almost one in four eggs did not hatch. Such 
high levels of hatching failure seem to be a prominent feature in the reproductive 
biology of all bee-eaters for which data are available. In white-fronted bee-eaters 
28% of eggs fail to hatch (though half of this is due to social factors, particularly 
intraspecific brood parasitism: Emlen and Wrege 1986; Wrege and Emlen 1991). 
Almost 16% of eggs fail to hatch in colonies of blue-cheeked bee-eaters (M 
persicus: only a small proportion of which is due to predation: from table 5 in 
Kossenko and Fry 1998). In blue-throated bee-eaters in Malaysia (M viridus), 
fully 41 % of eggs do not hatch (Bryant and Hails 1983). It seems counter 
intuitive that hatching failure is so high in bee-eaters, given that the microclimate 
inside the subterranean nest cavity is generally stable around the thermal neutral 
zone, irrespective of ambient air temperatures (White et al. 1978; Bryant and 
Hails 1983). In addition, cautious developmental rates in bee-eaters should be 
expected to further minimize the chances of egg failure. Hence, the high rate of 
hatchingfailure in bee-eaters requires explanation. 
The tossing of eggs from the nest as observed in this study has been 
reported in other bee-eaters. For example, white-fronted bee.:.eaters will toss eggs 
that have been dumped in their nest by rogue females attempting to parasitize the 
brood (Emlen and Wrege 1986). However, several factors make it unlikely that 
egg tossing by rainbow bee-eaters was a response to such intraspecific nest 
parasitism. First, white-fronted bee-eaters usually only toss a single egg, and 
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only if that egg had been deposited into the nest too early in the laying sequence 
(Emlen and Wrege 1986). It is rare that a female tosses the entire clutch in 
response to brood parasitism (Wrege and Emlen 1991). Second, I did not observe 
egg tossing immediately after clutch size had unexpectedly increased, or in 
clutches of unusual size (e.g. six or seven eggs)'. Furthermore, egg tossing in 
rainbow bee-eaters seemed to occur more often during the season experiencing 
heavy rainfall. There are two likely explanations for this correlation. First, the 
eggs may have become inviable due to flooding of the nest chamber. However, 
nests at which egg tossing occurred were not shallower or more often excavated 
in flat ground (hence presumably more susceptible to flooding) than those in 
which eggs hatched. Alternatively, eggs may have been tossed because the 
breeding adults were unable to meet the energetic demands of reproduction due 
to a prolonged shortfall of their insect prey brought about by the persistent 
rainfall. A comparable situation has been reported in a population of little bee-
eaters (M pusillis) in Somalia that tossed complete clutches pre-hatching due to 
an extreme reduction in food supply caused by application of chemical pesticides 
(Douthwaite 1986). 
The duration of the incubation and nestling period was variable, In most 
birds the time-course of post-natal morphological development is relatively fixed 
at a species-specific rate. If food is in unusually short supply then the rate of 
weight gain is reduced. This can result in the offspring fledging at a suboptimal 
body mass (Ricklefs 1968; O'Connor 1984), which can lead to increased 
mortality (e.g. Magrath 1991 ). In contrast, birds such as aerial insectivores that 
routinely forage for spatially and temporally unpredictable prey, would be 
expected to demonstrate highly plastic growth rates as nestlings temporarily 
reduce metabolic rates to overcome energetic shortfalls (Ricklefs 1976; 
O'Connor 1977). This model seems to apply well to rainbow bee-eaters. The 
local abundance of their aerial insect prey varies dramatically on a daily basis. 
Indeed, the insects at Cooloola National Park are not active during rainfall, low 
temperatures or strong winds (Roberts 2002). Consequently, throughout periods 
in which these conditions occurred adult bee-eaters did not emerge from their 
burrows or roost sites and chicks were not fed. As a result, development was 
extremely labile: some chicks were in the nest 1.5 times longer than others (see 
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also Lill 1993). Presumably, this strategy will only be adaptive if predation rates 
are low enough to permit the protracted developmental period to be completed. 
Such plasticity is not universal among the bee-eaters. As outlined by 
Emlen et al. (1991), there is no evidence of developmental flexibility in 
European or red-throated bee-eaters that breed in relatively predictable foraging 
environments. In contrast, white-fronted bee-eaters show extreme developmental 
plasticity with a nestling period that spans 22-42 days (Emlen et al. 1991). These 
birds not only forage in an energetically unpredictable environment, they also 
have a complex social system whereby failed breeders join other nests as helpers, 
thereby radically altering the provisioning rate to the nest (Emlen et al. 1991 ). 
One nest in three gains an extra helper in this manner (Emlen 1990). This 
provides an additional source of unpredictability of food supply to the nest - one 
that does not exist in rainbow bee-eaters - and may explain why white-fronted 
bee-eaters are even more developmentally labile than rainbow bee-eaters. 
Predation and reproductive success 
As discussed above, species that excavate their own nests typically suffer 
minimal nest predation. This is certainly true for most bee-eaters (Table 1 ). 
However in this study, predation was unusually high, predominantly due to two 
introduced species, dingoes (wild dogs) and cane toads. Only two native 
predators - the diurnal lace monitor lizard and the nocturnal yellow-footed 
antechinus ( <80g marsupial) - preyed upon the nests of rainbow bee-eaters. Bee-
eaters were often able to repel lace monitor by way of group mobbing. 
Consequently, birds that nested in large colonies were significantly less affected 
by lizard predation (Chapter nine). 
Most other bee-~ater species appear to enjoy lower rates of native 
predation than that experienced by this population of rainbow bee-eaters. There 
are two likely explanations for this. First, most of the other bee-eaters studied 
thus far typically breed in dense colonies containing hundreds or thousands of 
breeding pairs (Fry 2001 ), which may enhance corporate vigilance and enable 
group mobbing of would-be predators (e.g. Chapter nine). Moreover, most of 
these species also construct their nests in cliff faces (Fry 2001), presumably 
reducing .a predator's access to nests. In support of this, European bee-eaters 
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nesting in a colony of only 100 pairs, spaced on average 10 m apart in metre-
high earthen banks, suffer relatively high levels of predation. Lessens et al. 
(1994) report that 35% of first nest attempts in this colony fail, most of which is 
due to nest predation by snakes and weasels (Mustela nivalis). Similarly, most of 
the bee-eaters in this study nested in exposed clearings on flat or gently sloping 
ground, often solitarily or in low-density aggregations and suffered 
concomitantly high predation rates. 
Introduced foxes Vulpes vulpes and dingoes have long been known to 
attack the nests of rainbow bee-eaters (Sloane 1916; Lill 1993). However, as far 
as I am aware, nest losses to cane toads have not previously been reported for 
this or any species. Cane toads were introduced to Australia in 1935 
(Mungomery 1936) and have been steadily colonizing the country ever since. 
The extent of predation upon the nests of bee-eaters is particularly significant in 
light of bioclimatic models that predict a rapidly increasing distribution of cane 
toads in Australia (van Beurden 1981; Sutherst et al. 1995). Some rainbow bee-
eaters are able to re-nest after losing their first nest to predation. However, 
second clutches are smaller, and obviously initiated later in the breeding season 
when summer rainfall is on the increase, probably making it more difficult for 
adults to find prey, and exposing the nest to increased losses due to nest collapse. 
In addition, females attempting to raise a second clutch are more likely to suffer 
mortality (presumably from fatigue or hunger). Further, birds that nest later in 
the season have less time to attain migratory disposition. Hence, while cavity-
, 
nesting may enable breeding rainbow bee-eaters to overcome the inevitable and 
unpredictable shortfalls in their food supply, it also exposes their nests to 
introduced predators for an extended period of time, with devastating 
consequences. 
With the exception of predation by introduced species, the single largest 
cause of nestling mortality was starvation. Partial or complete brood reduction 
occurred in more than half of all broods that avoided predation or other nest 
disasters. Brood reduction to this extent is rare for most cooperative breeding 
birds, but the norm for the Meropidae (Table 2), presumably because this family 
exhibits all three conditions that classically select for brood reduction. First, the 
clutch hatches asynchronously, thereby establishing a size and dominance 
62 
Chapter three: breeding biology of rainbow bee-eaters 
hierarchy within the brood (Nathan et al. 2001). Second, the nest is built at the 
end of a tunnel that is only one body-width across and typically extends for over 
a metre into the substrate. Stronger, dominant chicks are able to physically 
occupy the cavity entrance and monopolize incoming food (e.g. Legge 2000). 
Third, food supply is highly variable and unpredictable, intensifying sibling 
competition (Wiebe 1995). Despite such high levels of nestling loss, brood 
reduction is usually regarded as adaptive in bee-eaters as it matches the demands 
of the nest to the current supply ofresources (Wrege and Emlen 1991). 
Overall, nests that were undisturbed by introduced species fledged on 
average 1.6 young per year, slightly less than the 1.8 fledglings per nest reported 
for rainbow bee-eaters breeding in Victoria (Lill 1993). Thus, rainbow bee-eaters 
appear to have low to intermediate reproductive success within the range of the 
Meropidae (Table 3). 
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Table 1. Rates of nest predation of seven species of bee-eaters. 
·Common name Nest predation rates Source 
Blue-throated bee-eaters "Insignificant" Bryant and Tatner (1990) 
Red-throated bee-eaters 5% Fry (1984) 
White-fronted bee-eaters 7% Wrege and Emlen (1991) 
Carmine bee-eaters 11% Wrege and Emlen (1991) 
Little green bee-eaters 13% Sridhar and Karanth (1993) 
European bee-eaters 34% Lessells et al. (1994) 
Rainbow bee-eaters 20% This Study 
(Native predation) 
Rainbow bee-eaters 59% This Study 
(Total predation) 
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Table 2. Rates of nestling starvation in six species of bee-eaters. 
Common name % of chicks starving Source 
Red-throated bee-eaters 17% Dyer (1983) 
Rainbow bee-eaters 22% This Study 
European bee-eaters 21-30% Lessells and Avery (1989) 
Carmine bee-eaters 28% Wrege and Emlen (1991) 
White-fronted bee-eaters 48% Wrege and Emlen (1991) 
Blue-cheeked bee-eatersa · 48% Kossenko and Fry (1998) 
a Merops persicus 
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Table 3. Reproductive success (number of fledglings per nest) from five species 
of bee-eaters. 
Common name Fledging success Source 
White-fronted bee-eaters 0.6 Wrege and Emlen (1991) 
Rainbow bee-eaters 1.6 This Study 
Blue-throated bee-eaters 1.8 Bryant and Hails (1983) 
European bee-eaters 2:0 Kossenko and Fry (1998) 
Blue-cheeked bee-eaters 3.4 Kossenko and Fry (1998) 
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Chapter four: predation of rainbow bee-eater nests by cane toads 
ABSTRACT 
During a three-year study, introduced cane toads (Bufo marinus) ruined one-
third of nest attempts of ground-nesting rainbow bee-eaters (Merops omatus) by 
usurping their nest burrows and preying upon their eggs and young nestlings. 
Birds that had lost their nest to cane toads were less likely to be recaptured in 
subsequent years. Cane toads are having a significant negative effect at the 
population level: at present, rainbow bee-eaters produce 0. 8 fledglings per nest. · 
However, in the absence of cane toads each nest would produce 1.2 fledglings. 
Rainbow bee-eaters had little defence against the cane toads. The diurnal birds 
were not able to mob the nocturnal toads, nor were they able to eject the cane 
toads from the nest. Deep nests and nests built on steep slopes were still preyed 
upon by the toads. Cane toads that were removed from the nest had the ability 
and motivation . to return to the nest when displaced up to 1200 m away, 
suggesting that the nest is a valuable resource to toads. Cane toads were 
significantly more likely to (a) prey upon nests containing hatchlings rather than 
eggs, and (b) enter and occupy artificial nest tunnels (1.2 m deep) containing a 
small food item (20 g of raw chicken) rather than artificial nests that were 
empty. These results indicate that cane toads actively prey upon nests using 
olfactory cues. The predatory and homing abilities of cane toads, and their 
diurnal shelter site requirements are reviewed. The possibility that cane toads 
are having a negative impact upon other native, ground-dwelling vertebrate 
fauna via their role as opportunistic predators requires urgent investigation. 
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INTRODUCTION 
The cane toad (Bufo marinus) is a native of Mexico, Central America and 
tropical South America that has been introduced to over 90 areas throughout the 
Caribbean and Pacific (Zug and Zug 1979; Easteal 1981 ). Cane toads were 
brought to Australia in 1935 in a largely unsuccessful attempt to control sugar 
cane crop pests (Mungomery 1936; Freeland 1985). By 1937, thousands of 
toadlets had been released across much of eastern Queensland (Kinghorn 1938). 
The cane toad has been steadily colonising the Australian mainland ever since, 
and now occurs throughout more than 50% of Queensland (van Beurden and 
Grigg 1980; Sabath et al. 1981; Easteal et al. 1985; Freeland and Martin 1985; 
Seabrook 1991; Sutherst et al. 1995). Models indicate that in the absence of 
biological control, they will be able to invade most of Australia's northern coast. 
In addition, human-assisted dispersal events may enable cane toads to colonise 
much of Australia's southern coastline, as well as isolated patches in southern 
Western Australia and Tasmania (van Beurden 1981; Freeland 1985; Sutherst et 
al. 1995). Not only are cane toads widespread, they also occur in vast numbers. 
Densities of adult cane toads in Australia are one order of magnitude higher than 
those reported in South America (Lampo and Bayliss 1996; Evans et al. 1998), 
making them the most abundant small vertebrate in Queensland (Covacevich and 
Archer 1975). 
Although several workers have expressed concerns regarding the effect 
of cane toads on populations of native species, conclusive evidence of a negative 
impact remains elusive. Most attention has focussed upon the cane toad's 
potential impact on native predators via the toad's extreme toxicity (e.g. 
Covacevich and Archer 1975; Freeland 1984; Tyler 1987; Burnett 1997; Phillips 
et al. 2003). While there have been reports of a decrease in populations of some 
predatory species (particularly large lizards Varanus spp., snakes and marsupial 
quolls Dasyurus spp.) following the colonisation of an area by cane toads, such 
evidence has been either indirect (Shine and Covacevich 1983) or anecdotal 
(Breedon 1963; Covacevich and Archer 1975; Easteal et al. 1985; Tyler 1989; 
Burnett 1997). Indeed, to date, the only empirical study from the leading edge of 
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the cane toad invasion found no evidence that cane toads have a significant 
adverse effect on populations of native predators (Catling et al. 1999). 
There has also been concern that cane toads may carry parasites and/or 
diseases that can be transmitted to native fauna (Freeland et al. 1986; 
Delvinquier and Freeland 1988; Speare 1990; Freeland 1993; Barton 1997; 
Zupanovic et al. 1999). Large numbers of potentially pathogenic diseases have 
been isolated from cane toads (Speare i 990). At least four species of amphibian 
protozoan parasites (none with any known pathogenicity) have been introduced 
to Australia via cane toads, three of which have since adapted to resident anuran 
species (Delvinquier and Freeland 1988). Conversely, several protozoan and 
helminth parasites of native anurans have colonised cane toads (Freeland 1986; 
Delvinquier and Freeland 1988; Barton 1997). At present, there are no data to 
determine whether the obvious ease of transfer of parasites between toads and 
resident frogs is having a negative effect on local fauna. 
Further, several studies have examined the possibility that cane toads 
may competitively exclude local fauna, particularly anurans (Freeland and Kerin 
1988; Catling et al. 1999; Williamson 1999; Crossland 2000). Alford et al. 
(1995) contend that the larvae of cane toads compete strongly with native larval 
frogs'. However, Freeland and Kerin (1988) demonstrated that cane toads do not 
s~bstantially overlap in resource utilisation with at least four native frog species. 
Likewise, Williamson (1999) noted that native frogs and cane toads rarely utilise 
the same breeding ponds in nature, and concluded that the potential competitive 
impact of cane toads may thus be minimal. Accordingly, Catling et al. (1999) 
found no direct evidence of a long-term effect of cane toads on amphibian 
abundance or diversity in the Northern Territory. 
This lack of evidence of a negative impact of cane toads upon any native 
population recently lead Catling et al. (1999: 162) to state, "there are no 
conclusive studies to substantiate whether cane toads have an adverse effect on 
populations of native predators, nor whether they compete with native species 
for food." However, little attention has been paid to the potential adverse effects 
of cane toads through their role as predators. This is surprising, as cane toads 
have long been known to possess a voracious and catholic appetite (Dexter 1932; 
Pemberton 1949; Straughan 1966; Zug and Zug 1979). While they are 
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predominantly insectivorous, these very large toads (up to 2.8 kg: Lever 2001) 
are also opportunists and will consume virtually any available prey of a size that 
they can swallow, including vertebrates (Dexter 1932; Alexander 1964; Zug and 
Zug 1979; Evans and Lampo 1996). 
In addition, the potential problems of competition for shelter sites 
between cane toads and native fauna have also been largely ignored. This is 
again surprising, as cane toads are physiologically dependent upon access to 
retreat sites, and are known to shelter in a wide variety of natural and 
anthropogenic structures (Covacevich and Archer 1975; Zug and Zug 1979; 
Jaeger and Hailman 1981; Cohen and Alford 1996). Significantly, Schwarzkopf 
and Alford (1996: 194) noted that cane toads "made heavy use" of "disused 
animal burrows". However, these authors did not discuss the possibility that cane 
toads might actively evict native animals from such burrows. 
Given that cane toads now occur in immense numbers throughout an 
increasingly vast area of Australia, there is a distinct possibility that they may be 
having an adverse impact upon ground-dwelling fauna through nest predation 
and/or competition for shelter sites. From August 1997 to January 2001 the 
breeding biology of rainbow bee-eaters (Merops ornatus) was studied at 
Cooloola National Park, South East Queensland, where cane toads have been 
present for about 50 years (Easteal and Floyd 1986). Rainbow bee-eaters lay 
their eggs at the end of a burrow that they have dug directly into the sandy soil. 
Throughout each breeding season, cane toads ruined a large proportion of the 
bird's breeding attempts by usurping their burrows and preying upon the eggs 
and nestlings (Chapter three). This study describes (i) the extent of nest 
predation by cane toads, (ii) the effects of cane toads on the breeding biology of 
rainbow bee-eaters, and (iii) the results of experiments to determine if cane toads 
possess homing ability to relocate nests, and use olfactory cues to find their prey. 
Although a comprehensive review of the ecology of cane toads has 
recently been undertaken (Lever 2001), the potential impacts of cane toads on 
native fauna via their role as predators received almost no attention. The 
implications of this study indicate that an additional review is required, one 
which focuses upon the predatory and homing abilities of cane toads, as well as 
their diurnal shelter site requirements. Such a review indicates that cane toads 
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have the potential to cause a significant impact on a wide array of native fauna 
through their role as active predators and retreat-site competitors. 
METHODS 
Study area 
The study was conducted at Cooloola National Park (26° OO'S, 153° 
02'E), which comprises 56,000 hectares of rainforest, dry sclerophyll forest and 
open heathlands in southeast Queensland, Australia. The soil is typically sandy, 
sometimes covered by a thin humus layer. Climatic data for Double Island Point 
I Rainbow Beach (located within the national park, less than 10 km from most 
nests) were obtained from the Australian Bureau of Meteorology. Mean 
minimum and maximum daily temperatures throughout the breeding seasons 
during the study were 18.5°C and 26.5°C, respectively. The mean annual rainfall 
of the area is 1447 mm, with distinct wet summers. On average, only 15% of 
annual precipitation falls in the austral spring quarter, whereas 33% of rain falls 
during the summer quarter. 
Study species 
Rainbow bee-eaters (Order Coraciiformes) are small-medium (weight=29 
g; length=25 cm; head-bill length=56 mm: Chapter two), migratory birds that 
nest throughout much of mainland Australia (Blakers et al. 1984) and some parts 
of New Guinea (Peckover and Filewood 1976). They arrive in Australia in 
September where they nest solitarily or in loose aggregations, though they can 
also nest in dense colonies comprising hundreds of nests (Salter 1988; Fry et al. 
1992; Chapter three). Rainbow bee-eaters are aerial insectivores, and rarely 
come to the ground other than to breed. Bee-eaters nest underground, in an 
unlined, ovoid chamber built at the end of a straight tunnel 70-180 cm long 
(mean=l 18 cm), 4.8-6.1 cm (mean=5.4 cm) high, and 4.8-5.9 cm (mean=5.2 cm) 
wide (Chapter three). The nest chamber itself is about 10 cm high, 22 cm wide 
and 24 cm long (Saunders and de Rebeira 1993). Nests are built in areas of 
sparse ground cover in flat, sloping or perpendicular aspects. New nests are built 
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each year, taking around 10 days to complete. Females usually begin laying eggs . 
about a week later at roughly 48-hour intervals. At Cooloola National Park, 
clutches are initiated between 28 September and 12 December, with most (67%) 
clutches laid between 5-18 October, inclusive. Clutch size varies from 2-7 
(mean=4.5) eggs. Mean egg volume is 4.0 cm3, and mean egg weight equals 3.9 
g (Chapter three). Incubation begins once the first egg is laid, and chicks emerge 
(about 1 day apart) 22-31 (mean=24) days after. At least one adult usually 
remains inside the nest cavity overnight until the chicks develop feathers (after 
about 16 days). Chicks fledge from 24-36 (mean=29) days after hatching. While 
most (80%) broods fledge synchronously, some fledge up to 4 days apart 
(Chapter three). Thus, rainbow bee-eaters take between 58-84 days to nest, 
during which time their nests are susceptible to ground predators. 
Field methods 
During each breeding season (August-January), areas of open sclerophyll 
forests and heathlands throughout the study site were searched for evidence of 
nesting. Once ·a nest was located, nest depth was measured to the nearest 
centimetre by carefully inserting a calibrated length of linear dowel into the nest 
until it touched the rear wall of the nest chamber. Nest aspect was categorised as 
either 'flat I gently sloping' or 'steep I perpendicular' (see Chapter three, for a 
detailed description of methods). 
Nest progress was monitored (on most days) usmg a purpose-built 
'burrowscope', which consisted of a tiny video camera lens mounted on the end 
of flexible conduit that could be inserted into the nest burrow. This technique 
enabled the timing of nest events (e.g. egg laying, hatching, fledging, etc) to be 
determined with accuracy and minimal interference to the nest (Appendix one). 
Rainbow bee-eaters nesting at Cooloola National Park suffer productivity 
losses primarily as a result of egg failure, chick starvation, nest collapse, or nest 
predation (Chapter three). Nest predation events could always be unambiguously 
determined due to the highly distinctive strategies of the various nest predators. 
Predation was ascribed to (a) lace monitor lizards Varanus varius, if the entire 
nest tunnel had been excavated to a height of 10-15 cm and a width of 15-20 cm; 
(b) yellow-footed antechinus Antechinus jlavipes, if either the mammal or partly 
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consumed remains of the birds were found in the nest using the burrowscope; ( c) 
dingoes Canis lupus dingo (see Chapter five), if the entire nest had been 
unearthed or if paw marks were visible around the nest entrance (foxes Vulpes 
vulpes are not present in the area); or (d) cane toads, if the toad was found inside 
the nest using the burrowscope. 
Occasionally cane toads were found inside nests that still contained adult 
or nestling bee-eaters or eggs. In most instances, cane toads were removed by 
delicately inserting into the nest a length of dowel with a hinge attached to the 
end. The dowel was inserted until the hinge pressed against the rear wall of the 
nest chamber, causing the hinge to bend to a 90° angle. The dowel was then 
slowly removed so that the angled hinge enticed the toad to leave the burrow. 
Cane toads removed from rainbow bee-eater nests were weighed to the nearest 
gram using a Pesola spring balance. The cane toads removed from 36 nests were 
used in a mark/release experiment. The dorsa-lateral surfaces of these toads were 
marked in individually recognisable patterns using white nail polish. The toads 
were then placed inside a cloth bag and transported 20-1500 m away from the 
nest and released. The nest was then checked twice daily for one week or until 
the marked toad had returned to the nest. 
An experiment was· designed to test whether cane toads locate prey using 
chemical cues. Artificial nest tunnels were built by hammering a length of 50-
mm diameter pipe into the substrate 1.2 m deep at an angle of approximately 
20°. Removing the pipe would then extract a core of sand, forming a tunnel quite 
similar to a rainbow bee-eater nest. Twenty artificial nests were created, each 
more than 500 m away from any other artificial nest. Ten artificial nests were 
randomly designated as control nests and were left empty; the other ten nests 
were designated as treatment nests and had a 20-g cube of uncooked chicken 
flesh placed at the distal end of each tunnel. A small, thin twig was inserted 
vertically at the entrance to both control and treatment nests in such a way that 
any toad that entered the artificial nest tunnel would displace the twig. Artificial 
nests were monitored daily for ten days to see if a toad had entered a nest (i.e. 
the twig had been displaced), and to examine any changes to the nest contents 
using the burrowscope. 
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RESULTS 
The reproductive output from 329 breeding attempts was monitored over three 
seasons (Table 1; Chapter three). Only 85 nests (26%) produced at least one 
fledgling, whereas 244 nests (74%) failed completely. The single largest cause of 
nest loss was nest predation and nest usurpation by cane toads, which destroyed 
33% (n=107) of all nest attempts (range = 17-38% per season). Dingoes were 
also significant predators, terminating 16% (n=54) of nests. Other nests failed 
due to predation by lace monitors or yellow-footed antechinus, or because the 
nest itself collapsed after heavy rain, the clutch failed to hatch, the brood starved 
in the nest, or the adult female died during breeding (Table 1). Over the entire 
population, mean productivity equalled 0.8 ± 1.5 (s.d.) fledglings per nest 
(n=329). However, when excluding from the sample all nests lost to cane toads 
(n=107), mean productivity within the population.equalled 1.2 ± 1.7 (s.d.) 
fledglings per nest. 
Toads first entered the nest from the week prior to egg laying until any 
day up to Day 18. A Kaplan-Meier survival plot (Collett 1994) indicates that 
cane toads were more likely to invade the nests containing hatchlings (Fig. 1). 
Cane toads were never observed active during the day, and therefore must have 
entered the nests during the night. Larger cane toads secondarily excavated the 
nest, expanding the entrance by up to 120 mm in diameter. The sand 
immediately around the cane toad was often moist, indicating that the toad had 
voided its bladder in the burrow. Cane toads would usually reside in the nest for 
several days or weeks. They would often remain in the nest tunnel towards the 
nest entrance, thereby preventing the adult birds from attending the nest. Thus, 
eggs failed to be incubated or chicks in the nest would starve. 
The nocturnal behaviour of cane toads combined with the tunnel-nesting 
habits of rainbow bee-eaters precluded the direct observation of cane toad 
predation on bee-eater chicks. Nonetheless, daily examination of nests using the 
burrowscope indicated that the toads ate the eggs and small chicks overnight. 
Whenever a cane toad usurped an active nest, the eggs or chicks disappeared 
soon after. Furthermore, the stomach contents of four toads evicted from such 
nests contained the remains of rainbow bee-eater chicks. Sometimes toads would 
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eat only four of the five eggs within the nest. Dissection of these uneaten eggs 
indicated that they had not been fertilised (i.e. no embryonic development), and 
were typically putrid. 
Nests preyed on by toads were the same depth as nests that fledged 
young (ANOVA: F 1,91=0.11; P=0.7). Toads were as likely to usurp nests built in 
steep or perpendicular aspects (n=20/89) as flat or gently sloping aspects 
(n=87/343: contingency table analysis: x21=0.02; P=0.9). When excluding nests 
lost to other predators, second nest attempts were more likely to be taken by cane 
toads (n=16/43) than first nest attempts (n=30/130) contingency table analysis: 
x21=3.4; P=0.06), although this tendency was not significant. 
Birds from 56 pairs were recaptured in successive years of the study. 
Birds that had lost their nest to cane toads were less likely to be recaptured 
(n=9/56) at the study site than would be expected by chance (n=18/56), given the 
high proportion of nests taken by cane toads each year (contingency table 
analysis: x21=4.7; P=0.04). 
The mean weight of toads removed from rainbow bee-eater nests was 136 
g (range=74-227 g). Evicted toads were released at varying distances from the 
nest. Most (27/36=75%) cane toads returned to the same burrow overnight, or 
within two or three nights. Toads were less likely to return to the nest with 
increasing release distance (logistic regression: x21=8.0: P=0.005; Fig. 2). The 
furthest distance from which a released cane toad successfully returned was 1200 
m (Fig. 2) 
Cane toads preferentially entered artificial nest tunnels containing raw 
chicken cubes (n=9110) in comparison with empty nest tunnels (n=2/10: 
x21=24.5; p<0.001). Likewise, cane toads were far more likely to continue to 
occupy an artificial nest tunnel containing chicken (n=9/10) compared to an 
empty nest tunnel (n=l/10: (x21=64.0; P<0.001). 
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Table 1. Rainbow Bee-eater nest outcomes combined over three breeding 
seasons (modified from Chapter three) 
Nest Outcome Frequency 
Cane Toad predation 107 (33%) 
Fledged young 85 (26%) 
Dingo predation 54 (16%) 
Lace Monitor predation 25 (8%) 
Complete egg failure 20 (6%) 
Complete brood reduction 13 (4%) 
Nest collapse 12 (4%) 
Antechinus predation 9 (3%) 
Adult mortality 4 (1%) 
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Figure 1. Kaplan-Meier survival plot showing the loss of rainbow bee-eater 
nests to cane toads. The fact that the curve is not straight indicates that cane 
toads did not prey upon nests at a constant rate. Circles denote losses to toads 
whereas vertical dashes indicate the nesting effort was terminated (censored) by 
some other cause. Initial sample size was 186 nests. Final sample size censored 
at fledging was 72 nests. 
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Figure 2. The probability of a cane toad returning to a rainbow bee-eater nest 
after removal declines with increasing release distance. Numbers above data 
points represent sample sizes. The solid line represents the model prediction of 
return rates. 
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DISCUSSION 
Cane toads are having a dramatic, negative impact upon the breeding biology of 
rainbow bee-eaters at Cooloola National Park, Queensland. One-third of all bee-
eater breeding attempts failed as a result of nest predation and nest usurpation by 
cane toads. Active toads were never observed during the day, and presumably 
entered the nest burrows in the evening. The toads then occupied the nest 
burrows for several days or even weeks. The cane toads ate the bird's eggs or 
small chicks. Chicks that were too large to be consumed by the toads (see below) 
typically starved in the nest, as adult birds were unable to access the nest due to 
the toad's occupation of the nest tunnel. 
Cane toads are also having a significant effect on rainbow bee-eaters at 
the population level. On average, each nest produced only 0.8 fledglings, while 
nests not affected by cane toads produced 1.2 fledglings. The effects of such a 
significant reduction in productivity are palpable: assuming that fledgling 
survival and recruitment is 100% (which is obviously only hypothetically 
possible), then on average a pair of rainbow bee-eaters will be able to replace 
themselves after two years of breeding (2 years x 1.2 fledglings = 2.4 adults) .. 
However, in the presence of cane toads, a pair of rainbow bee-eaters will need an 
additional year of breeding in order to be replaced (3 yrs x 0.8 fledglings = 2.4 
adults). 
Rainbow bee-eater nests were vulnerable to cane toads from the pre-
laying phase, through the incubation phase, and into the brooding phase, up until 
chicks were 18 days old. There was a sharp increase in the likelihood of nest 
predation by cane toads shortly after the bee-eater eggs hatched, presumably 
because the toads were more able to smell or hear the chicks (see below). Toads 
were unable to penetrate the nests containing chicks older than 18 days. Infrared 
video recordings of chick behaviour indicate that older, larger chicks are very 
aggressive in the nest and may have been able to entice the toad to leave the nest 
in the morning. Alternatively, toads may have been rejecting the nests, or not 
recognising the chicks as potential prey items, as the chicks were too large to be 
ingested. Chicks at 18 days of age weigh approximately 30 g (Chapter eight), 
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which is approaching the maximal stomach capacity of a cane toad (Zug and Zug 
1979). 
Rainbow bee-eaters that lose their nests to cane toads also suffer 
numerous indirect costs. A small proportion of rainbow bee-eaters that lose their 
first nest will attempt a replacement clutch. However, both the number and 
volume of eggs laid in the second clutch is significantly reduced (Chapter three). 
Thus, second clutches produce fewer fledglings than first clutches (Chapter 
three). Birds that nest late in the season are typically much less successful than 
early-nesting birds, possibly because foraging conditions decline rapidly as a 
result of steadily increasing levels of precipitation during the summer months, 
which reduces the activity of the aerial insect prey of rainbow bee-eaters at 
Cooloola National Park. Nesting in the later, wetter stages of the breeding season 
also increases the probability that the nest will flood or collapse (Chapter three). 
Adults that attempt a second nest also significantly increase the risk of mortality 
through fatigue (Chapter three). In addition, birds that nest later in the season 
have less time to attain migratory disposition. Furthermore, second attempts 
themselves are even more likely to be taken by cane toads in comparison with 
first nests, probably due to weather-related factors. Most first nest attempts are 
laid during October-November (when mean monthly rainfall during the study= 
87 mm), whereas second attempts are laid in the considerably wetter months of 
November and December (Mean monthly rainfall = 110 mm). During such 
wetter periods, cane toads are more active and are more likely to undertake 
longer excursive movements (Alford et al. 1995; Seebacher and Alford 1999; 
Schwarzkopf and Alford 2002). Thus, they would have more opportunity to 
encounter rainbow bee-eater nests. 
Birds that lose their nests to cane toads are less likely to be recaptured in 
another season than birds from nests that did not fall victim to cane toads. Thus, 
these birds are either dying as a result of contact with the cane toads in the nest, 
or - more likely - dispersing to nest in new areas outside of the study site. 
Rainbow bee-eaters have little defence against cane toads. The toads are 
capable climbers (individuals have been observed perching in trees up to 2.5 m 
above ground: Mijares-Urrutia et al. 1996), so nests built in steep banks were 
just as likely to be arrogated by cane toads as nests built on flat ground. 
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Similarly, excavating longer tunnels did not prevent cane toads from entering the 
nest. Adult rainbow bee-eaters rarely attack intruders inside the nest (Appendix 
one). Instead, the bird attempts to escape. In addition, perhaps because toads are 
typically nocturnally active, the bee-eaters did not seem to respond to the 
presence of cane toads, even when toads were placed near the nest during the 
day. The birds did not utter alarm calls or mob the toads, yet these responses are 
elicited by the presence of lace monitors and red-bellied black snakes 
(Pseudechis porphyriacus), which prey on rainbow bee-eater nests at much 
lower frequencies (Chapter nine). Indeed, the loss of one-third ,of rainbow bee-
eater nests to cane toads may have secondary impacts upon other native species, 
such as the lace monitors and yellow-footed antechinus, which also utilise bee-
eater nests. 
The predatory abilities of cane loads 
Few studies have investigated the potential impacts of adult cane toads as 
predators of native species, which, seems ironic given that cane toads were 
specifically introduced to Australia because of their highly predatory nature 
(Mungomery 1936). The results of this study indicate that this is a potentially 
significant oversight, which has presumably arisen because predation by cane 
toads is rarely observed in nature. Conversely, the potential effects of cane toads 
as toxic prey have often been considered, probably because poisonings are easily 
observable and often dramatic, particularly when they affect large animals and 
domestic pets (e.g. Dodds 1923; Roberts et al. 2000). 
The fact that cane toads are able to prey upon the nests of rainbow bee-
eaters at high frequencies implies that they may also be able to prey upon 
significant numbers of other ground-nesting organisms. A consistent finding of 
all dietary studies of cane toads is that the diet is primarily determined by local 
food availability (e.g. Zug et al. 1975; Bailey 1976; Freeland et al. 1986; Werren 
and Trenerry 1993). Ants and beetles usually comprise the majority of the cane 
toad's diet throughout its range (Zug and Zug 1979; Strussmann et al. 1984; 
Freeland et al. 1986; Werren and Trenerry 1993). Accordingly, the mean weight 
of animal food matter per item from one study in Queensland varied from only 
7-16 mg, depending on locality (Freeland et al. 1986). Thus, the possibility that 
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cane toads can consume small vertebrates may seem remote. However, an 
examination of the literature reveals that cane toads also opportunistically prey 
upon a wide range of vertebrates, including small birds. Cane toads have been 
seen preying upon the fledglings of ducks (sp. indet.: Weber 1938), mynahs 
(Acridotheres tristis), chickens (Gallus gal/us: Hinckley 1962), common 
cowbirds (Molothrus bonariensis: Quesnel 1986), and other unidentified "weak 
chicks" (Rabor 1952: 282). Further, analyses of stomach contents have revealed 
feathers (Krakauer 1968; Pippett 1975), as well as the bones from the legs and 
wings of chickens (presumably carrion or human discards: Evans and Lampo 
1996). 
Cane toads are also known to consume small mammals (Oliver 1949; 
Straughan 1966). For example, cane toads kept in captivity thrive on a diet of 
young mice (Krakauer 1968). Moreover, free-living cane toads sometimes prey 
upon live rats (Weber 1938; Rabor 1952; Grant 1996). In one laboratory 
experiment, adult cane toads were fed rats that weighed 20% of their body mass 
(Secor and Faulkner 2002). In Queensland the entire remains of a planigale 
(Planigale maculata; 6-22 g: Redhead 1983) have been found in the stomachs of 
cane toads (Covacevich and Archer 1975). 
Cane toads have also been observed feeding upon amphibians and 
reptiles (Weber 1938; Pippett 1975; Zug et al. 1979; Matsumoto et al. 1984; 
Evans and Lampo 1996), including anurans native to Queensland (Freeland et al. 
1986; Werren and Trenerry 1993), skinks (Rabor 1952; Bailey 1976), geckos 
(Grant 1996) and several species of small snakes (Rabor 1952·; Covacevich and 
Archer 1975). In fact a cane toad in Queensland was recently observed catching 
and consuming a neonate brown tree snake (Boiga irregularis) that measured 
approximately 50 cm in length (Caudell et al. 2000). 
Cane toads evidently possess the behavioural adaptations that enable 
them to ingest large prey species. While small prey items are consumed instantly 
using a tongue flick (Dean 1980), adults grasp large, fleshy items between the 
jaws (Zug et al. 1979) and "tear off bite-size pieces" (Alexander 1964: 256). 
Alexander (1964: 257) noted that when toads preyed upon very large items, they 
"would take considerable time before they could manage to swallow all the 
material. . . if parts hung out of their mouths, they would work them into their 
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mouths by using their front feet". In combination, these facts indicate that cane 
toads have both the physical capability and behavioural and dietary flexibility 
required to prey upon a vast array of native species, not just rainbow bee-eaters. 
The results of this study also shed light on the means by which cane toads 
locate their prey. Certainly, vision appears to be the primary sense used in prey 
location (Ingle and McKinley 1978). However, Jaeger (1976) has demonstrated 
that hearing is also used: cane toads followed the vocalisations of tungara frogs 
(Physalaemus pustulosus), which they subsequently ate. Likewise, cane toads 
were able to quickly locate a damaged ant colony by the subtle sounds of the 
ants repairing the nest (Zug and Zug 1979). Furthermore, cane toads can also use 
olfactory cues to locate their prey (Alexander 1964; Rossi 1983; as can some 
other Bufo: see Jorgensen 2000 for review). There are several reports of cane 
toads attracted (sometimes from over 20 m away) to the scent of fresh pet food 
(Alexander 1964; McCoid 1994; Grant 1996). Rossi (1983) was able to 
demonstrate conclusively that cane toads use olfactory cues by placing dog food 
in water for several hours. One cup of this water was then decanted from the 
mixture and poured onto ail area of grass. Cane toads were immediately attracted 
to the site, and began instantaneous tongue flicking in response to the odour 
(Rossi 1983). 
The results of the artificial nest experiment conducted in this study 
further indicate that cane toads can use their olfactory system in the location of 
prey. Toads were significantly more likely to enter a nest containing food (20 g 
cubes of raw chicken), even though the food could not be seen or heard by the 
toads. Like other Coraciiformes, rainbow bee-eaters do not practice nest 
sanitation (Fry et al. 1992). An active nest chamber very quickly develops a fetid 
lining of faeces, regurgitated, indigestible insect sclerites, and the corpses of 
nestlings, which is considerably more odorous than the 20 g cube ofrawchicken 
used in the artificial nest experiment. Thus, it is very likely that cane toads 
actively prey upon the nests of rainbow bee-eaters after being drawn to the nest 
via olfactory cues. 
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The homing abilities of cane toads 
Cane toads have the ability to consistently return to dependable sources 
of food and shelter. Toads evicted from rainbow bee-eater nests were released at 
distances of 20-1500 m away. Remarkably, 25/27 (93%) cane toads displaced by 
20-800 m, and 2/9 (22%) toads displaced by 1000-1500 m were still able to 
return home within one or two nights. This is despite the fact that cane toads are 
sensitive to disturbance effects due to trapping and handling (Lampo and Bayliss 
1996), and that terrestrial locomotion is energetically expensive for cane toads 
(Baudinette et al. 2000). The ability of cane toads to travel extensive distances in 
a single night has been reported previously. For example, on an island off 
Queensland radio-tracked individuals travelled up to 1300 m in a single night 
(Schwarzkopf and Alford 2002). 
The homing ability of cane toads - and several other amphibian species -
is also well established (Sinsch 1991). Radio-tracked free-living cane toads were 
repeatedly able to locate a small waterhole up to 165 m from away from their 
foraging centre (Carpenter and Gillingham 1987). Further, 73% of free-living 
cane toads (n=l5) that had been displaced by up to 70 m returned to their 
'correct' feeding station (Brattstrom 1962). The results of the present 
investigation demonstrate that cane toads have the ability to home from distances 
an order of magnitude greater than previously recognised for this species. 
Nonetheless, the distances homed by cane toads in this study are comparable 
with those achieved by congeneric Bufo bufo that were able to find their home 
breeding pond when displaced by up to 3 km (Reusser 1968, in Duellman and 
Trueb 1986; Jungfer 1943, 1951, in J0rgensen 2000). 
The return of cane toads to specific rainbow bee-eater nests is not likely 
to be merely a result of territoriality. Although toads will maintain regular 
spacing at feeding aggregations (Alexander 1964) and seem to exhibit a 
behavioural hierarchy in laboratory conditions (Boice and Boice 1970), there is 
no evidence for territoriality in the wild (Zug and Zug 1979). In fact, free-living 
adult cane toads are highly dispersive, apparently lacking any fixed home range 
(Alford et al. 1995). Recent genetic studies (llso indicate that cane toads exhibit 
only weak philopatry, consistent with a high level of movement (Leblois et al. 
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2000). Evidently, the strong tendency for cane toads to return to a specific nest 
indicates that the nest is a valuable resource for the toad. 
The diurnal requirements of cane toads 
Rainbow bee-eater nests also act as potential diurnal retreat sites for cane 
toads, which are critical for a toad's survival (Zug and Zug 1979; Stewart and 
Pough 1983; Cohen and Alford 1996). Unless removed, the toads occupied the 
bird's burrows for weeks, during which time they would often invest additional 
energy in the shelter, by voiding their bladders (thereby increasing both soil 
moisture and humidity: Cohen and Alford 1996), and/or making secondary 
excavations with the hind feet. Such investment by the cane toads may further 
increase the advantages ofretreat-site fidelity (Cohen and Alford 1996). 
The tendency for cane toads to usurp the burrows of other animals has 
not been recognised previously. The quality of shelter sites utilised by cane toads 
may significantly influence survival in the seasonal tropics (Zug and Zug 1979; 
Cohen and Alford 1996; Schwarzkopf and Alford 1996). As a result, cane toads 
actively seek and re-use those shelters providing favourable microclimates 
(Cohen and Alford 1996; Schwarzkopf and Alford 1996). They make extensive 
use of burrows constructed by other animals, which are the least desiccating 
environments available (Schwarzkopf and Alford 1996; Seebacher and Alford 
2002). Therefore one should expect cane toads to place heavy demands upon the 
burrows of native species. Cane toads frequently evicted rainbow bee-eaters 
from their nests at Cooloola National Park, and it is certainly possible that they 
evict other native animals from their burrows as well. 
Conclusions 
The extent of rainbow bee-eater nest loss to cane toads in this study is 
concerning given both the current and predicted potential distribution and 
abundance of cane toads. The lack of prior evidence for the negative effects of 
cane toads as either (i) competitors for shelter sites or (ii) predators on other 
ground-nesting native fauna may reflect the paucity of rigorous investigation 
rather than representing biological reality. As this review has demonstrated, cane 
toads have a strict need for diurnal retreat sites, and the burrows of other animals 
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provide the most suitable shelter available. However, previous workers have not 
examined the possibility that cane toads are actively evicting native fauna from 
these burrows, as has been revealed in this study. Furthermore, cane toads have 
the ability to locate prey using their olfactory system, and are able to repeatedly 
return to valuable food resources from over 1 km away. These facts, combined 
with the cane toad's large body size and catholic diet that opportunistically 
extends to include a variety of vertebrates, suggest that a wide array of native 
fauna may be at risk of predation from cane toads. Indeed, it would appear likely 
that cane toads are impacting upon the nests of other native ground-nesting birds 
in Australia and elsewhere. Small, tunnel-nesting birds (e.g. pardalotes, some 
kingfishers) may be particularly at risk. Although several authors have noted the 
presence of native vertebrates in the stomach contents of cane toads, most have 
added the caveat that "the incidence was very low" (e.g. Catling et al. 1999: 
161). Nonetheless, while the frequency of vertebrate predation per individual 
toad is low, the extreme abundance of can~ toads in Queensland ensures that the 
cumulative rate of predation is potentially significant at the population level for 
many species. 
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Chapter jive: farming of rainbow bee-eater nests by dingoes 
ABSTRACT 
Rainbow bee-eaters (Merops omatus) are ground-nesting birds that breed in 
loose colonies of up to 5 0 nests. During an intensive field study of the breeding 
biology of rainbow bee-eaters, dingoes (Canis lupus dingo) were found to prey 
upon one in five bee-eater nests. The rate of nest predation by dingoes was 7-19 
times higher in intermediate and large colonies (14-50 nests), than in small 
colonies (2-8 nests) or solitary nests. Dingoes preyed upon rainbow bee-eaters 
by either (i) enticing incubating adult birds out.of the nest at the beginning of the 
nest phase, or more commonly, (ii) excavating the nest once the chicks had 
attained their peak body mass. Despite the fact that dingoes were aware of the 
presence of bee-eater nests, they waited until the adult birds had reared the 
offspring to their maximum weight before harvesting them, which, in some ways, 
is analogous to farming'. 
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INTRODUCTION 
The dingo (Canis lupus dingo) was introduced to the Australian mainland 3500-
4000 years ago, before spreading rapidly across the continent (Corbett 1995). 
They are opportunistic predators that utilise a variety of predatory tactics to 
forage upon a diverse range of foods, from insects to buffalo, depending upon 
local availability (Newsome et al. 1983; Corbett and Newsome 1987; Thomson 
'l992c; Vemes et al. 2001; Paltridge 2002). Considerable attention has focussed 
upon dingo predation on mammals (Corbett and Newsome 1987; Robertshaw 
and Harden 1986; Thomson 1992c; Fleming et al. 2001; Jones et al. 2003). Yet, 
there are very few published accounts of dingo predation upon native birds, 
despite birds comprising more than 30% of their diet in some areas (Newsome et 
al. 1983; Corbett 1995; Paltridge 2002). 
A population of rainbow bee-eaters (Merops ornatus) nesting colonially 
in southeast Queensland was studied from August 1997 to January 2001. 
Throughout the study, dingoes were frequently observed investigating and 
preying upon the nests of rainbow bee-eaters. This chapter describes the impact 
of the dingoes upon the breeding biology of rainbow bee-eaters and presents the 
first detailed descriptions of predatory strategies used by dingoes to exploit 
native birds. 
METHODS 
Study site and species 
The study was conducted within Cooloola National Park (26° OO'S, 153° 
02'E), southeast Queensland, Australia. The vegetation of the 56,000-hectare 
national park consists of a montage of rainforest, dry sclerophyll forest and open 
heath, atop sandy soil (Chapter three). 
Rainbow bee-eaters (Order Coraciiformes) are small-medium (weight= 
24-36 g), migratory birds that nest throughout much of mainland Australia and 
some parts of New Guinea (Peckover and Filewood 1976; Blakers et al. 1984). 
They arrive in Australia in September where they nest solitarily or in loose 
103 
Chapter jive: farming of rainbow bee-eater nests by dingoes 
aggregations, though they can also nest in dense colonies comprising hundreds of 
nests (Fry et al. 1992; Chapter nine). Bee-eaters build their nests underground, at 
the end of 70-180 cm long, straight tunnels. Nests are built in areas of sparse 
ground cover in flat, sloping or perpendicular aspects. Most clutches are initiated 
between late September and December. Birds lay 2-7 small (mean= 3.9 g) eggs 
at roughly 48-hour intervals. Incubation begins once the first egg is laid, and 
chicks hatch 22-31 (mean=24) days later. Chicks fledge from 24-36 (mean=29) 
days after hatching. About 20% of broods fledge asynchronously over a 4-day 
spread. Thus, rainbow bee-eaters take between 58-84 days to complete the 
nesting process (Chapter three). During this period, rainbow bee-eaters at 
Cooloola National Park are vulnerable to four predators, lace monitors (Varanus 
varius), yellow-footed antechinus (Antechinus jlavipes), cane toads (Bufo 
marinus) and dingoes (Chapter three; Chapter four). 
Dingoes (Order Carnivora) are medium-large (12-19 kg), predominantly 
nocturnal or crepuscular, placental carnivores (Thomson 1992a,b; Corbett 1995). 
The social system is highly flexible. While most dingo sightings are of solitary 
individuals, they can form loose, territorial packs of up to twelve individuals 
(Newsome et al. 1983; Marsack and Campbell 1990; Thomson 1992b, d). 
Dingoes have hybridised with domestic dogs (C.l. familiaris) throughout much 
of their range to form mixed populations (Newsome and Corbett 1985). All, 
however, are referred to as dingoes in this paper. All individuals observed during 
this study were distinctively dingo-like in external conformation and had white 
feet and white tail tips. 
Field methods 
The reproductive output of rainbow bee-eaters from 329 breeding 
attempts was monitored over three seasons (see Chapter three for a detailed 
description of field methods). Colony size ranged from 1-50 active nests. The 
largest colony used in the study was 'Mount Bilewilam 50'. Two intermediate-
sized colonies were located about 1500 m apart and contained 28 nests ('Inskip 
Point 28') and 16 nests ('Inskip Point 16'), respectively. Many smaller colonies 
of up to 8 nests were also included in the study. On average, nests within 
colonies were located about 15 m apart (Chapter three). 
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The depth of each nest was measured to the nearest centimetre using a 
calibrated length of linear dowel. Nest aspect was categorised as either 'flat I 
gently sloping' or 'steep I perpendicular'. Nest progress was monitored using a 
purpose-built 'burrowscope': that is, a tiny video camera lens mounted on the 
end of flexible tubing that could be inserted into each nest burrow. This system 
enabled the timing of nesting events to be determined accurately and with 
minimal interference to the nest (Appendix one). Predation events were always 
straightforward to diagnose, because (i) lace monitors bored out the entire nest 
cavity to the diameter of the reptile's body, (ii) antechinus were either present in 
the nest, or the partially consumed carcass of the bee-eaters were found in the 
nest, and (iii) cane toads were found in the nest (Chapter four). The effects of 
dingoes on the nests of rainbow bee-eaters were also obvious, as described 
below. 
At 82 nests, eggs or chicks were handled and weighed for another part of 
the study (Chapter eight). This was achieved by carefully digging an access hole 
into the back of the nest. After handling, the eggs or chicks were returned to the 
nest via the access hole, which was then sealed off using a plastic plate, and 
back-filled with the original sand. Analyses were conducted to determine 
whether or not this procedure influenced the rate of predation by dingoes. 
Statistical analysis 
All analyses were conducted in JMP v3.1. Survival analysis was used to 
examine the timing of dingo predation on rainbow bee-eater nests. This form of 
analysis distinguishes between 'failure' (where the event of interest has occurred 
at an identified time) and 'censorship' (where the event had not occurred before 
the nest was lost to the study, e.g. due to flooding, or predation by other animals: 
Collett 1994). Censored nests still provide informative data, because for each 
case nest predation by dingoes had not occurred by a specific time. This 
analytical approach is therefore able to control for differences between nests that 
persist until fledging and those where the nest is lost early due to other extrinsic 
events. This method has been used in a wide variety of recent ecological studies 
where the time elapsed to discrete events has been determined (reviewed in Fox 
2001). 
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RESULTS 
Dingo numbers 
Since the project was not specifically designed to investigate the 
interactions between dingoes and bee-eaters, extensive surveys of dingo numbers 
were not undertaken. Nonetheless, during 459 days of fieldwork, conducted over 
three consecutive breeding seasons, only three individual dingoes were seen at 
the bee-eater breeding colonies. One pair of black dingoes (possibly hybrids) 
patrolled the two colonies at 'Inskip Point', while one ginger-coloured dingo 
patrolled 'Mount Bilewilam 50'. These three dingoes were very frequently 
observed at the respective bee-eater colonies, and at no other time were any other 
dingoes or dogs seen at these sites. When dingoes were present at the breeding 
colonies, the local rainbow bee-eaters would alarm call, but they .did not mob the 
dingoes. 
The ginger dingo disappeared from Mount Bilewilam in the third year of 
the study (1999/2000), almost certainly as a result of a '1080' (sodium 
monofluoroacetate) baiting programme initiated by the local National Parks and 
Wildlife Service. Consequently, the 49 rainbow bee-eater nests attempted at 
Mount Bilewilam in the third year of the study were excluded from all analyses. 
Predation attempts 
Dingoes were significant predators of the nests of rainbow bee-eaters, 
terminating 19% (n=54/282) of all monitored nest attempts. Nests in intermediate 
(16-28 nests) and large (~50 nests) colonies were more often ruined by dingoes 
than solitary nests or nests in small colonies (contingency table analysis: 
x23=43.8; P<0.001: Table 1). A Kaplan-Meier plot (Collett 1994) of survival 
analysis indicates that dingoes usually destroyed the nests either very early in the 
nest attempt (i.e. pre-hatching), or very late in the nest attempt (i.e. near-
fledging: Fig. 1 ). 
As dingoes are predominantly nocturnal, predation events were rarely 
(n=2) directly observed. Instead, they were inferred on the basis of the type of 
destruction caused to the nest. The dingoes used two distinct methods, 
'scratching' (n=16) and 'excavation' (n=38). Scratching was directly observed 
106 
Chapter five: farming of rainbow bee-eater nests by dingoes 
twice: the dingoes used the front paws to lightly scratch around the entrance of 
the nest, which causes any adult bird in the nest to evacuate. The scratching 
technique was apparent by the distinctive paw marks left in the sand at the nest 
entrance, often causing it to collapse, and always terminating the nest attempt. At 
one of the two witnessed scratching events the dingo was able to trap the fleeing 
adult in its paws. At the other, the bird managed to escape, apparently unharmed, 
but the nest entrance had collapsed. Excavation was a far more destructive 
procedure. The dingo would unearth the entire nest tunnel, starting from the nest 
entrance and working its way towards the nest chamber, leaving a cavity wider 
than the dingo's body, and as long (up to 1.8 m) and as deep (up to 60 cm) as the 
nest. This behaviour was never directly observed, but the evidence for the event 
was, of course, unequivocal. On one occasion a nest had been excavated to 
almost its entire length, but for some reason the dingo stopped digging. The 
chicks were still alive in the nest bowl, but the nest tunnel was obviously 
destroyed. In every other instance the entire nest cavity was removed, including 
the nest contents, and it is assumed that the predation attempt was successful, as 
the chicks (which are still flightless at that stage) had disappeared. There are no 
data on the relative energy expenditure of dingoes using the two hunting tactics. 
However, it is obvious that the scratching technique uses very little energy, 
whereas excavating the entire nest cavity is a far more laborious procedure. 
Dingoes used the scratching technique almost always (94%; n=15/16) at 
nests that contained only eggs. The mean nest age at scratching was Day -15 
(that is, 15 days before hatching). As these events were rarely witnessed, there 
are no direct data regarding the success rate of scratching events. In contrast, 
dingoes nearly always (95%; n=36/38) employed the excavation technique at 
nests containing chicks. Most excavation occurred between Day 14 and Day 29 
(mean= Day 24, when mean chick weight =32.6 g ± 1.4, s.e.: Chapter eight). 
Excavation occurred before Day 10 on only three occasions, all of which 
were on solitary nests that were located 8-11 km from any bee-eater colony. 
These nests were fully excavated by dingoes, even though two of the nests only 
contained eggs, while the other contained tiny chicks that would have weighed 
about 5 g (Fig. 1 ). 
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Dingoes almost never destroyed nests between Day -10 through to Day 
14 (Fig. l). However, during this period, the dingoes would routinely investigate 
the nests. The frequency of this behaviour was not quantified, although it was a 
common event that occurred almost daily. The dingoes would regularly wander 
around the colony, sniffing the entrance of a number of rtests, without damaging 
them. 
Nests destroyed by dingoes were the same depth as nests not affected by 
dingo predation (ANOVA: F1,97=0.04; P=0.8). Furthermore, nests built on steep 
or perpendicular surfaces were as likely to be ruined by dingoes (n=l0/63) as 
nests built on flat or gently sloping surfaces (n=44/224: contingency table 
analysis: x21=0.5; P=0.5). 
There is no evidence to indicate that the research conducted during the 
study influenced the rate of dingo predation. Dingoes preyed as often upon nests 
in which the chicks had been handled (n=16/82; 20%) as nests in which chicks 
were not touched (n=38/205; 18%: contingency table analysis: x21=0.04; P=0.8). 
Further, observations of rainbow bee-eater colonies in which no fieldwork had 
been conducted indicated that dingo predation rates were similar to those in 
colonies used in this study (33% of24 nests had been destroyed by dingoes). 
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Table 1. Rates of nest losses to dingoes across differing colony sizes. 
Solitary Small Intermediate Large 
(1 nest) (2-8 nests) (16-28 nests) (50 nests) 
No. of 
colonies 77 8 2 1 
sampled 
No. of nests 80a 
monitored 77 54 71 
No. of nests 
scratched 0 1 14 1 
No. of nests 
excavated 3 0 13 22 
% of nests 
destroyed 4 2 38 29 
a Excludes nests observed in 1999/2000 when dingoes had been eradicated from 
the area 
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Figure 1. A Kaplan-Meier survival plot indicating that the loss of rainbow bee-
eater nests to dingoes was focussed upon very young nests (i.e. pre-hatching) and 
very old nests (i.e. Day 15 to fledging). Circles denote nest age (hatching = Day 
0) iri which one or more nests were lost to dingoes; larger vertical drops indicate 
multiple nest predation events by dingoes occurred on that day. Vertical dashes 
indicate that a nesting effort was terminated (censored) by some other cause (e.g. 
flooding or predation by some other species). Small arrows indicate solitary nests 
excavated by dingoes. 'Scratched' refers to nests lost as a result of dingoes 
lightly scratching at the entrance of the nest, causing adult birds to flee. 
'Excavated' refers to nests lost as a result of dingoes exhuming the contents of 
the nest. Estimates are based upon 329 nest attempts over three consecutive 
breeding seasons (1997/98-1999/2000). In total, 54 nests were lost to dingoes. 
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DISCUSSION 
Cavity-nesting species typically enjoy low rates of nest predation, which enables 
nestling growth rates to be relatively slow (Martin and Li 1992; Martin 1995). 
Accordingly, rainbow bee-eaters complete the nesting process in 58-84 days 
(Chapter three), some 1.5 times the length predicted from a bird of equivalent 
mass (Lill and Fell 1997), and experience relatively low rates of predation by 
native species (Chapter three). The two main native predators (lace monitors and 
yellow-footed antechinus) ruin only 8% and 3% of bee-eater nests, respectively 
(Chapter three). The protracted development of bee-eaters, however, leaves them 
vulnerable to introduced species for a considerable length of time. In the 
population breeding at Cooloola National Park, cane toads usurp 33% of all nest 
attempts (Chapter four), while dingoes ruin 19% of nests. Thus, both species are 
now significant components of the reproductive ecology of this population. 
Anti-predation benefits are often cited as one of the principal advantages 
of sociality (e.g. Bertram 1978). Birds can benefit from group living via a 
dilution of the predatory threat (Hamilton 1971), or from the increased 
probability that one of the group members will detect an approaching predator 
(Pulliam 1973), or both (Boland 2003). However, some colony-nesting species 
actually suffer increased predation as a result of a predator specialising upon the 
predictable aggregation of individuals. For example, striped skunks (Mephitis 
mephitis) in North America recognise and key into high-density nesting patches 
of waterfowl, resulting in increased predation rates with colony. size (Lariviere 
and Messier 1998). A similar scenario is occurring at Cooloola National Park, 
where dingoes focus their predatory attention upon intermediate to large colonies 
of rainbow bee-eaters. 
Prior to hatching, at least one adult bird incubates the eggs overnight, and 
throughout most of the morning and afternoon (Chapter eight). Dingoes were 
able to entice the incubating adult out of the nest by scratching around the nest 
entrance. Rubbing the entrance of the nest in this manner (whether by dingo or 
human) usually causes the bird to flee. In doing so, the bird risks flying into the 
paws or mouth of the waiting dingo. 
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Adults rarely incubate the young once the chicks begin to develop feather 
pms (about Day 10), thereby rendering obsolete the scratching technique. 
Therefore, after this stage the dingoes excavated the nests in order to obtain the 
chicks. Interestingly, dingoes rarely excavated nests containing eggs or small 
young. Instead, the mean age of nest excavation was Day 24, which closely 
coincides with the period of peak chick weight (Day 25) when chicks weigh 
roughly 32 g and are usually still incapable of flight. After Day 25, significant 
mass loss occurs prior to fledging (29 g) at Day 29-33 (Chapter eight). 
Excavating a nest that contains five tiny hatchlings (each weighing 2.5 g) is 
probably not energetically beneficial for dingoes. In contrast, excavating a nest 
that contains four or five flightless chicks that each weighs over 30 g is more 
worthwhile (cf. Stephens and Krebs 1986). 
There are two alternative hypotheses for the strong tendency of dingoes 
to avoid destroying nests containing small chicks: (i) the dingoes are simply 
unable to find rainbow bee-eater nests containing small hatchlings; or (ii) the 
dingoes deliberately delay nest predation in order to maximise the productivity of 
this resource, in which case, their behaviour could be considered analogous to 
'farming' (see Loyn et al. 1983; Loyn 1995 for an interesting avian example). 
Three lines of evidence indicate that the dingoes were able to locate nests 
containing small chicks, thus supporting the 'farming' hypothesis. First, l~ke all 
Coraciiformes, rainbow bee-eaters do not practice any nest sanitation. As a 
consequence, a putrid, maggot-ridden carpet of faeces and insect remains 
invariably lines the nest within a few days of nesting. The ammoniacal smell is 
obvious, even to a human observer, and is presumably easy for a dingo to detect. 
Second, dingoes spent considerable time during the early mornings and late 
afternoons wandering around the larger rainbow bee-eater colonies, frequently 
sniffing at nest entrances without making any attempt to excavate or scratch the 
nest. Third, dingoes in colonies stopped preying upon nests containing eggs, 
once the nest was within about ten days of hatching, even though the behaviour 
of adult birds does not obviously change at this stage, suggesting that the dingoes 
were deliberately leaving the nest in order to harvest large chicks at a later date. 
These results suggest that dingoes are capable of reasonably sophisticated 
prey discrimination. These observations are also reminiscent of a much earlier 
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report from Sloane (1916: 99) of introduced fox (Vulpes vulpes) predation on 
rainbow bee-eater colonies around the Murray River, NSW, who stated: "The 
foxes seem to farm the birds, for the attack is not made till the young are about to 
leave... sometimes the fox lives near the Merops' burrow, and must see it 
nightly". The farming hypothesis of Sloane (1916) is supported in this study by 
logical inference and correlative data only, and therefore requires experimental 
testing. 
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MULTIPLE ORNAMENTS REFLECT SEPARATE 
ASPECTS OF FEMALE QUALITY IN 
ASSORTATIVELY MATING RAINBOW BEE-
EATERS 
Chapter six: mutual ornamentation and assortative mating in rainbow bee-eaters 
ABSTRACT 
Female ornaments in species with conventional sex roles are increasingly viewed 
as condition-dependent indicators that have arisen from direct selection. The 
role of multiple ornaments, in males or females, has rarely been investigated. 
Rainbow bee-eaters (Merops omatus) are highly ornate, semi-colonial, socially 
monogamous birds, with multiple, distinct plumage ornaments that are shared by 
males and females alike. For example, both sexes have elongated central tail 
feathers, a black gorget, and azure cheek stripes. Different aspects of this 
decorative plumage were found to correlate with different aspects of 
reproductive success. In females, the horizontal width of the azure cheek stripe 
correlated with the distance to the nearest neighbour's nest, while the vertical 
height of the azure cheek stripe correlated with clutch initiation date. The area of 
the black gorget was a reliable predictor of fecundity. In addition, females with 
larger bills and longer tails were more likely to re-nest after predation. Pairs 
had assorted according to a number of morphological traits, including gorget 
area. These results support the 'multiple message hypothesis' for multiple 
ornamentation in rainbow bee-eaters. 
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INTRODUCTION 
Among birds with conventional sex roles, the males are most likely to be lavishly 
ornamented, while the females are usually much less conspicuous. This 
phenomenon has been explained by more intense sexual selection acting upon 
the males, while natural selection has favoured a more cryptic plumage in 
females (Trivers 1972). As a result, most studies of sexual selection have 
focussed on the profligate adornments of males in polygynous species 
(Andersson 1994). Yet there are many species in which both males and females 
display mutual, extravagant ornaments (eg Jones and Hunter 1993; Hunt et al. 
1999; Boland et al. 2004). 
In such cases, female ornamentation has often been regarded as arising 
either via natural selection for sexual concealment (Burley 1981; Trail 1990), or, 
more commonly, as a non-functional, genetically correlated product of sexual 
selection on males (Darwin 1871; Lande 1980). While several studies have 
argued that female ornaments are merely the result of a shared genome (Muma 
and Weatherhead 1989; Hill 1993; Cuervo et al. 1996; Roulin et al. 2001), 
phylogenetic analyses have demonstrated that evolutionary transitions between 
dimorphism and monomorphism, and vice versa, have been reasonably frequent, 
indicating that male and female plumages may not be overly constrained by 
genetic correlation (Price and Birch 1996; reviewed in Amundsen 2000). 
Over the last decade, female showiness has increasingly come to be 
viewed as a consequence of direct selection (Langmore 1998; Amundsen 2000), 
typically via mutual sexual selection. If females within a population are likely to 
differ in fecundity or parental ability, and if pairing reduces· a male's chances of 
fertilizing other females, then selection should favour males that prefer the most 
fecund females (Darwin 1871; Andersson 1994; Johnstone et al. 1996). Thus, 
theory predicts that in monogamous species with biparental care both sexes will 
benefit from choosing a high quality partner (Darwin 1871; Parker 1983; 
Johnstone et al. 1996). In these situations, males and females are expected to 
advertise their quality honestly, and pair assortatively according to that trait 
(Burley 1983; Johnstone et al. 1996). 
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That female plumage ornaments reflect some measures of quality has 
been demonstrated in a few bird species (eg Johnsen et al. 1996; Linville et al. 
1998; Jones and Hunter 1999), but certainly not all (eg Muma and Weatherhead 
1989). In their classic study, Jones and Hunter (1993) presented male and female 
crested auklets (Aethia cristatella) with opposite-sex models with experimentally 
shortened or lengthened ornamental crest feathers. Both males and females 
responded to models with accentuated crests with more frequent courtship 
displays. Since then, several mate choice experiments have demonstrated that 
males express a preference for higher quality partners in a number of 
monogamous species (reviewed in Amundsen 2000). 
Alternatively, female ornaments may arise via 'social selection' (Tanaka 
1996). West-Eberhard (1983) argued that intense female competition would 
select for female 'status badges'; that is, reliable signals of competitive ability 
that serve to diminish the costs of competition. However, this hypothesis has 
been relatively neglected (Amundsen 2000; but see Kraaijeveld et al. 2004). 
Many birds exhibit multiple, distinct adornments. M0ller and 
Pomiankowski (1993) presented three potential hypotheses for multiple 
ornamentation. Although the models were developed for males, though they 
should apply equally well to females. First, the 'unreliable signal hypothesis' 
argues that some ornaments are currently energetically inexpensive to produce 
and therefore are unreliable indicators of overall condition. Second, the 
'redundant signal hypothesis' suggests that multiple ornaments serve to reinforce 
a single aspect of overall condition. Potential mates pay attention to multiple 
traits, because the ornaments in combination provide a better estimate of general 
condition than does any single ornament. Third, the 'multiple message 
hypothesis' proposes that each ornament reflects a separate component of the 
overall quality of the animal (see also Tinbergen 1959; Andersson 1980). The 
subject of multiple ornamentation has received surprisingly little attention in 
males, and thus, almost no attention in females (see Jawor et al. 2003, 2004 for 
the exception). 
In this study, I investigate the role of multiple, mutual ornamentation in 
migratory, semi-colonial, and socially monogamous rainbow bee-eaters (Merops 
ornatus). Both sexes have several obvious ornaments, including two elongated 
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central tail feathers (or 'pintails'), a jet-black gorget, almost iridescent azure 
cheek stripes, and dark black eye stripes, as well as a mixture of non-distinct 
plumage patterns, including a rufous crown and a combination of blues, greens, 
and gold plumage across their· bodies. Males are larger than females in every 
measured trait (ornamental and structural), except for one interesting exception: 
while the horizontal width of the cheek stripe is larger in males, the vertical 
height of the cheek stripe is larger in females (Chapter two). Here I ask whether 
any aspect of rainbow bee-eater morphology correlates with any aspects of 
reproductive success. The results suggest that female ornaments and body size 
are symptomatic of several key reproductive parameters. 
METHODS 
Study population and field methods 
A detailed description of the study site and general field methods is 
provided in Chapter three. Rainbow bee-eaters arrive at their breeding grounds in 
the austral spring. They build their tunnel-nests in areas of open, bare ground that 
is composed of suitably friable soil. Such· areas are patchily distributed 
throughout the sclerophyll and heathlands of Cooloola National Park, and small 
colonies of up to 50 active nests form within these clearings (Chapter nine). 
Colony size is dependent upon the amount of cleared vegetation (Chapter three). 
Competition for nesting sites within a breeding colony is intense. Birds spend a 
considerable portion of their time in vigorous territorial activity, where birds · 
engage in dynamic and protracted aerial pursuits, which often includes acute 
physical contact. 
Throughout four field seasons (August 1997 to January 2001), nesting 
activity at 433 bee-eater nests was monitored at varying levels of intensity. Nests 
were attended either by unassisted pairs (55% of nests), or trios (typically 
composed of two males and a female: Chapter eight). Females laid their clutch of 
two to seven eggs between late September and mid December. Clutch initiation 
date and size were determined by inserting a miniature video camera lens 
mounted on the end of flexible conduit into the nest until all eggs could be seen 
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on a portable television monitor (Appendix one). Nests that were found after 
eggs had been laid were aged retrospectively based on the date of hatching (mean 
= 24 days). Rainbow bee-eaters are single-brooded, although pairs that lost their 
nest early in the attempt to unpreventable nest disasters (i.e. predation or 
flooding) would occasionally attempt a replacement nest (Chapter three). 
At the end of each breeding season, the latitudinal and longitudinal 
distance of each nest from a fixed reference point within each colony was 
measured to the nearest half-metre and all nest locations were plotted on a scale 
map. The straight-line distance between each nest and its nearest neighbour was 
then measured from the map. 
Morphometric analysis 
Adults were captured in the nest by covering the nest entrance with mist 
netting. A numbered, aluminium leg band was fitted to all captured adults. A 
small blood sample (20-150 µL) was taken from each bird by puncturing the 
brachia! vein. The gender of each bird was later determined unambiguously 
using a DNA-based test (Griffiths et al. 1998). Body mass was measured to the 
nearest 0.1 g using a Pesola spring balance. Wing length and outside tail feather 
length were measured to 1 mm. Head-bill length and tarsus length were 
measured to 0.1 mm using dial callipers, though tarsus was only measured in one 
season. Body condition was calculated as the residuals from a regression of body 
weight versus the cube of head-bill length (Brown 1996). In rainbow bee-eaters, 
head-bill length is highly correlated with other aspects of body size ( eg tarsus, 
wing, and tail length: (Chapter two) and therefore represents a reliable measure 
of each individual's structural size. 
The amount by which the two central tail ornaments extended beyond the 
rest of the tail was measured to the nearest 0.1 mm with dial callipers. In some 
birds one or both of the tail ornaments were broken, as evidenced by the lack of 
the small racket at the end of the ornament. In analyses involving ornament 
length, only individuals with an unbroken ornament were included in the sample. 
Adult rainbow bee-eaters have a dark, well-defined black gorget that is roughly 
rectangular. The horizontal width and vertical height of the black gorget was 
measured to 0.1 mm using callipers. In addition, adults have a distinct, horizontal 
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stripe of azure feathers on each cheek below a clearly delineated, black eye band. 
The horizontal width and vertical height of the azure cheek stripe were also 
measured to the nearest 0.1 mm using dial callipers. Digital measurements from 
photographs of these ornaments indicate that this simple, calliper-based 
measurement is a reasonably accurate estimate of ornament size (Chapter two). 
Statistical analysis 
Analyses were carried out using a statistical modelling approach via 
Genstat 5, release 4.1 (Genstat committee 1993). Rainbow bee-eaters nested in 
colonies of various sizes that were repeatedly sampled during the study, meaning 
that the data may not have been independent. To overcome repeated sampling 
within the unbalanced design, mixed models were fitted that incorporated the 
random factor, "colony name", as well as any fixed effects of potential interest. 
Estimates of the variance components and fixed effects were obtained using the 
residual maximum likelihood method (REML) for continuous effects, or the 
generalised linear mixed modelling (GLMM) method for binomial effects. The 
significance of terms was assessed using the change in deviance associated with 
dropping that term from a fuller model, which approximates a x2 distribution. 
Variables of interest included year, colony size (1, 2-8, 16, 28, or 50 nests), 
group size (pair or trio), territory size (distance to nearest nest) clutch initiation 
date, clutch size, whether the birds attempted a replacement clutch, as well as 
each of the morphological variables described above. Several morphological 
variables were correlated (for example, tail length and wing length: see (Chapter 
two), and therefore were added to each model separately. I did not test for 
relationships between phenotype and fledging success because this parameter is 
strongly confounded by the partner's feeding rate, group size (Chapter eight) and 
colony size (Chapter nine), and, in this population, is largely determined by 
whether or not the nest suffers from unpreventable predation by introduced 
species (dingoes Canis lupus dingo and cane toads Bufo marinus: (Chapter 
three). 
Diagnostic residual plots were examined for unequal variance and 
deviance from normality to ensure the validity of all final models. Nests that 
were relatively far away from their neighbour's nest within a colony were rare, 
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warranting In-transformation of this variable to avoid excessive leverage from 
these points. All significant results presented are those predicted from models 
containing only significant terms. Wherever non-significant effects are 
presented, the statistics included refer to the results of dropping the term of 
interest from the final model plus the non-significant term. 
The birds did not show any obvious signs of distress when handled. 
Nonetheless, in some instances, birds were released before all measurements had 
been taken because too many birds had been captured to process quickly. In 
addition, clutch initiation date could not be determined in every case, as 
sometimes eggs· that had been laid before the nest was located were lost prior to 
hatching by predation or flooding, thereby precluding retrospective aging of the 
nest. Therefore, sample size occasionally varies between analyses. However, all 
available data were used in every analysis. 
RESULTS 
Females with taller (i.e. thicker) azure cheek stripes initiated their first clutches 
significantly earlier in the season (REML: x21=5.21; P=0.02: Fig. 1). In addition, 
the horizontal width of the cheek stripe in females was positively correlated with 
In-distance to the nearest active nest (REML: x21=10.8; P=0.001: Fig. 2). 
Females that had larger black gorgets laid larger first clutches (REML: x21=6. l 7; 
P=O.Ol: Fig. 3). 
Females that attempted a second (i.e. replacement) nest within a season 
had larger head-bill lengths (GLMM: x21=3.86; P=0.05: Fig. 4a - due mainly to 
larger bills (P=0.06), rather than larger heads: P=0.52), and considerably longer 
tails (GLMM: x21=13.26; P<0.001: Fig. 4b). No male traits were significantly 
associated with any of the measured parameters (though larger male weight 
tended to increase the chances ofre-nesting;REML: x_21=2.76; P=0.10). 
Rainbow bee-eaters paired assortatively according to a number of body 
size estimates, including body condition at first capture (REML: x21=5.87; 
P=0.02), tail length (REML: X,21=4.84; P=0.03: Fig. Sa), tarsus length (REML: 
X,21=4.21; P=0.04), and, non-significantly, by wing length (REML: x21=3.43; 
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P=0.07). Similarly, the head-bill length of males was positively correlated with 
the head-bill length of females (REML: x21=9.85; P=0.002) and with colony size 
(REML: x24=10.5; P=0.03: Chapter nine). The relationship between male and 
female head-bill lengths was primarily due to the correlation between male and 
female bill lengths (REML: x21=6.20; P=0.01), rather than any association 
between head sizes (P=0.88). In addition, there was a weak tendency for birds to 
assort according to the horizontal width of the azure cheek stripe (REML: 
x21=3.49; P=0.06). The strongest assortative pairing relationship arose from the 
area of the black gorgets (REML: x21=9.65; P=0.002: Fig. 5b). 
Rainbow bee-eater phenotypes vary across colonies of different size 
(Chapter nine). Hence, the assortative mating might have been an artefact of 
males and females of similar phenotypes both occurring in colonies of similar 
sizes, thereby greatly increasing their chances of pairing with like-sized 
individuals. However, this alternative explanation is not supported since all 
models initially included 'colony size' as a potentially explanatory variable. 
Furthermore, similar relationships were revealed when the analyses were 
performed a second time using only birds captured within the largest colony 
(body condition: x21=4.7; P=O.Ol; tail length: x21=3.6; P=0.06; head-bill: 
x21=8.2; P=0.005; gorget area: x21=7.2; P=0.01). 
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Figure 1. Clutch initiation date as a function of the height of the azure cheek 
stripes in females. The line describes the model prediction. 
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Figure 2. The correlation between the horizontal width of the azure cheek stripe 
and size of the nesting territory (calculated as the straight-line distance to the nest 
of the nearest neighbour). Nearest-neighbour distance was In-transformed to 
normalise residuals. The line describes the model prediction. 
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Figure 3. Clutch size as a function of female gorget area. Female gorget area 
was analysed as a continuous variable, but is presented here in discrete categories 
for clarity. Numerals adjacent to points denote sample sizes for females of each 
gorget area grouped into 50-mm2 categories, beginning from the area indicated 
below each point. The line describes the model prediction. 
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Figure 4. The probability of attempting a replacement clutch according to (a) 
head-bill length grouped into 2-mm categories beginning from the size indicated 
below each point, or (b) tail lengths. Morphometric traits were analysed as 
continuous variables, but are presented here in discrete categories for clarity. 
Numerals adjacent to points denote sample sizes for each size category. The lines 
describe the logistic model predictions. 
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Figure 5. Correlation of phenotypes between pairs according to (a) tail length, 
and (b) gorget area. Tail length is grouped into l-mm categories beginning from 
the size indicated below each point. Morphometric traits were analysed as. 
continuous variables, but are presented here in discrete categories for clarity. 
Removing the circled outlier from the analysis involving gorget ar.ea does not 
affect the nature of the assortative relationship. 
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DISCUSSION 
The less conspicuous ornamentation of female birds in biparental species with 
conventional sex roles is traditionally regarded as non-adaptive, arising from 
genetic correlation with traits directly selected for in males (Lande 1980; Lande 
and Arnold 1985). However, the results of this investigation indicate that some 
female ornamentation in rainbow bee-eaters is condition-dependent and likely to 
be the product of direct selection. Firstly, several aspects of a female's 
reproductive potential can be predicted from the sizes of her various plumage 
ornaments, and secondly, pairs mated assortatively according to at least one such 
ornament (gorget area). Assortative pairing was observed for a number of 
morphological traits, however in a correlative study such as this, it is not possible 
to determine if these traits are in fact the subject of direct mate choice, or if they 
are correlated with other aspects of quality (for example, these traits could 
conceivably co-vary with the age of individuals, or the timing of their arrival at 
the breeding grounds). 
Three different aspects of female plumage ornamentation in rainbow bee-
eaters correlate with three different aspects of female reproductive potential. 
First, females with thicker azure cheek stripes are likely to initiate their clutches 
earlier in the breeding season. This is a signal of female quality in many 
migratory birds (eg M0ller 1994; Kokko 1999), and it is likely that this is also 
the case for rainbow bee-eaters, as there is competition to nest early at Cooloola 
National Park. The population is ~est site limited, and rainbow bee-eaters begin 
territorial activity almost immediately after their arrival at their breeding grounds 
in September (Chapter three; Chapter nine). The population breeds relatively 
synchronously, with 80% of clutches initiated in a brief period from 28 
September to 20 October (Chapter three). Birds that are unable to procure a nest 
territory at this stage must queue until another pair's territory is vacated due to 
nest predation (Chapter seven). Nesting becomes more difficult as the breeding 
season progresses due to an appreciable increase in summer rainfall, which 
reduces the abundance of aerial insects and significantly increases the threat of 
nest subsidence. Birds that nest early will also have more time to prepare for 
migration (Berthold 1993) prior to their return journey to New Guinea and 
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beyond. Further, early-nesting females tend to lay larger eggs, and fledge more 
young (Chapter three). Thus, there are several advantages in nesting early, and it 
seems that only high quality, more ornamented birds are able to do so. 
Second, colony-nesting females with wider cheek stripes managed to 
procure larger nesting territories. Rainbow bee-eaters forage largely outside of 
the perimeter of their breeding colony, though a considerable proportion of their 
diet comes from insects that fly into their nest territory (Chapter three). Thus, all 
else being equal, a larger territory would provide more food resources. In 
addition, a larger territory might also reduce the chances of conspecific brood 
parasitism, which is suspected to occur at a low incidence in this population 
(Chapter nine), as interloping females would need to carry the egg a further 
distance to the nest. 
The finding that females with larger azure cheek stripes gam larger 
territories might indicate that the cheek stripes are used in social (i.e. non-sexual) 
contests. Such social competition for resources can lead to ornamentation, in 
much the same way as competition for mates (West-Eberhard 1983; Tanaka 
1996). In species with unusually high levels of female-female competition, for 
example due to competition for nesting sites or breeding space, females may be 
selected to overtly signal 'ownership' of their territory. In passerines, this is 
typically achieved via song (Langmore 1998). However, since song is often 
unavailable to non-passerines, territory ownership may be displayed visually 
using 'status badges' (West-Eberhard 1983). In monomorphic black swans 
(Cygnus atratus), pairs with a larger number of curled. tail feathers are socially 
dominant over birds with fewer curled feathers. Social dominance entitles the 
pair to more food and nesting space, which directly influences cygnet survival 
(Kraaijeveld et al. 2004). A more extreme example occurs in eclectus parrots, 
where the bright red and blue female plumage signals ownership of a nest 
hollow, which are very rare in the parrot's breeding habitat (Heinsohn and Legge 
2003; R. Heinsohn, personal communication). 
The azure cheek stripes of rainbow bee-eaters may serve a similar 
signalling role, since this species is nest-site limited. Such social signalling 
would be especially valuable when there is regular competition with unfamiliar 
individuals (Whitfield 1987), as is the case with rainbow bee-eaters, which 
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annually attempt to re-establish a nesting territory within a non-resident (i.e. 
migratory) and colonial population. The length of the cheek stripe is correlated 
with bill length (Chapter two), which could conceivably play a role in territorial 
acquisition and defence. The iridescent cheek stripes, which the bird can flare 
from the sides of the face, would act to amplify the signal of bill size (Hasson 
1990). These correlative results support West-Eberhard's (1983) hypothesis that 
in biparental species, showy female plumage is associated with aggressive social 
displays by both sexes. In rainbow bee-eaters, both males and females are 
actively involved in territoriality, which involves frequent aerobatic combat and, 
often, sharp physical contact. 
The third female plumage ornament found to reflect reproductive 
potential is the area of the prominent black gorget. Females with bigger gorgets 
laid significantly larger clutches, which is an obvious measure of female 
condition and an important predictor of reproductive success in this population 
(Chapter three). 
In addition, females with larger head-bills and larger wings (which are 
physically correlated traits in rainbow bee-eaters: (Chapter two), were more 
likely to attempt a replacement nest if their first nest was lost to an unpreventable 
disaster, such as flooding or predation. Historically, such events were probably 
rare for these tunnel-nesting birds, as they encounter only minimal levels of 
predation by native species (Chapter three). However, dingoes and cane toads, 
which were introduced to Australia 3-4000 years ago and 70 years ago, 
respectively, now cause enormous damage to populations nesting in Cooloola 
National Park (Chapter four; Chapter five). Indeed, one third of all nests are lost 
to cane toads (Chapter three). Attempting a replacement clutch is costly for 
females, which typically lose mass rapidly while incubating (Chapter eight). 
Indeed females sometimes die in the nest when attempting a second clutch, 
presumably from fatigue or starvation (Chapter three). Thus, the ability to lay a 
replacement clutch is a significant determinant of reproductive success m 
rainbow bee-eaters nesting at Cooloola National Park. 
Interestingly, female tail ornament length did not correlate with any 
measured aspect of female quality or reproductive behaviour, and as such either 
(i) represents a genetic correlation with a trait under strong sexual selection in 
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males (males with longer tails are preferred by females: Chapter seven), or (ii) 
signals an as yet unmeasured aspect of female quality. 
The results of this study support the 'multiple message hypothesis' for 
multiple ornamentation, which proposes that each ornament reflects a separate 
component of the overall quality of the animal (M0ller and Pomiankowski 1993; 
see also Tinbergen 1959; Andersson 1980). In rainbow bee-eaters, different 
ornaments reflected separate aspects of female condition. Indeed, the height of · 
the azure cheek stripe carried different information to the width of the same 
ornament. Further, although this species is biparental, with males contributing a 
considerable portion of total parental effort, the same ornaments did not reflect 
equivalent information between the sexes. These results mirror those from a 
recent study of another socially monogamous species, the northern cardinal 
( Cardinalis cardinalis: Jawor et al. 2004), which, as far as I am aware, is the 
only other study to investigate the role of multiple ornaments in female birds. In 
cardinals, underwing plumage colour predicts body condition and the date of 
clutch initiation, whereas the size of the female facemask predicts intrasexual 
dominance and parental care. (However, no relationship has been found between 
any measure of condition or behaviour and crest feather length, which is perhaps 
the most obvious ornament). In addition, these ornaments did not convey the 
same information in males as in females (Jawor et al. 2004). 
Evidently, in rainbow bee-eaters several elements of female 
ornamentation are symptomatic of the individual's reproductive potential. Thus, 
the size of each ornament is expected to influence male mate choice in this 
socially monogamous, biparental species ( eg Johnstone et al. 1996). If multiple 
ornaments each reflect a different aspect of condition, then potential partners 
should have access to a more complete picture of an individual's quality. Thus, 
multiply ornamented, biparental species are perhaps more likely to mate 
assortatively {and assort more strongly) than biparental species that possess only 
one 'flagship' ornament. Indeed, in both rainbow bee-eaters and northern 
cardinals, pairs assorted positively and strongly according to a number of 
characteristics, including at least one sex-mutual ornament {gorget area m 
rainbow bee-eaters; bill and plumage colour in cardinals: Jawor et al. 2003). 
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The preliminary conclusions from this study are that the multiple 
ornaments of female rainbow bee-eaters are a product of direct selection, rather 
than an indirect genetic correlation between the sexes, and that each ornament 
signals specific information about a separate aspect of reproductive potential and 
behaviour that can be used by prospective mates, and possibly by rival females. 
Experimental manipulations are now required to corroborate these hypotheses. 
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Chapter seven: loss of costly tail ornaments by rainbow bee-eaters 
ABSTRACT 
Rainbow bee-eaters (Merops omatus) are cooperatively breeding, semi-colonial, 
migratory birds. In both males and females, the two central tail feathers are 
elongated to create an aerodynamically inefficient ornament, which suggests it is 
used as an epigamic display. Over four breeding seasons, males with longer tails 
paired with females that laid their clutch earlier in the season when the weather 
is more favourable, which confers several reproductive advantages to the male. 
The long tail ornaments were found to be physiologically costly, because (i) 
towards the end of the breeding season, male body condition was negatively 
correlated with ornament length, and (ii) both males and females were less able 
to elevate haematocrit while nesting. Birds were able to ameliorate these costs 
by shedding their ornaments after pairing, which is probably adaptive in this 
socially monogamous species where 80% of clutches are laid in a 20-day 
window, which leaves little opportunity for extra-pair copulation. Males that had 
shed their tail ornaments were in better condition than males that were still 
burdened with them. Ornament loss was not directly associated with nesting, 
indicating that the ornament did not break off merely through abrasion from 
their tunnel nests. In addition, lower quality birds (i.e. males with smaller head-
bills, females with smaller wings, and helpers) all lost their ornaments earlier 
than their higher quality counterparts. 
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INTRODUCTION 
Profligate feather ornaments, such as the exaggerated tails of many birds, have 
been the basis of several classic studies of sexual selection (e.g. Andersson 1982; 
M011er 1988; Andersson 1992; Petrie 1994), probably because they are readily 
amenable to experimental manipulation, and because the potential costs of these 
ornaments have been estimated using aerodynamic theory (e.g. Maybury et al. 
2001; Evans 2003, 2004). 
Such tail ornaments have evolved independently at least 70 times in birds 
(Cuervo and M0ller 1999), and can be divided into three broad categories 
(Balmford et al. 1993): outer tail streamers (e.g. barn swallows Hirundo rustica: 
M0ller 0 1994), graduated (or 'wedge') tails (e.g. long-tailed widowbirds 
Euplectes progne: Andersson 1982), and pintails (e.g. red-tailed tropicbirds 
Phaethon rubricauda: Boland et al. 2004). There has been considerable 
controversy as to whether outer tail streamers are, in fact, an aerodynamic 
handicap. The amount of lift generated by the tail (and therefore the degree of 
maneuverability) is proportional to the square of its maximum continuous span 
(Pennycuick 1989; Thomas 1993; Maybury et al. 2001; Evans 2003), with most 
lift generated by the leading edges that are formed by the outermost tail feathers 
(Thomas 1993; Norberg 1994; Evans 2003). Hence, some elongation of the outer 
feathers may actually enhance flight efficiency by deflecting the leading edges of 
the tail, potentially improving the lift-to-drag ratio by 30% (Balmford et al. 
1993; Norberg 1994). Recent experimental manipulations of the outer tail 
streamers of some hirundines have confirmed these predictions, indicating that 
much of the length of tail streamers has arisen through natural selection 
(Balmford et al. 1993; Evans 1998; Buchanan and Evans 2000; Park et al. 2000, 
2001; Rowe et al. 2001: although these conclusions are not without controversy; 
e.g. Hedenstrom and M0ller 1999; Evans 1999; M0ller and Barbosa 2001; 
Buchanan and Evans 2001). 
In contrast, there is little doubt that both graduated tails and pintails are 
aerodynamically costly at all levels of elongation (Evans and Thomas 1997; 
Fitzpatrick 1997; Evans 2004), and therefore must be entirely a product of sexual 
selection. Aerodynamic theory (Balmford et al. 1993; Thomas 1993; Norberg 
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1994; Evans 1998, 2004), comparative analyses (Alatalo et al. 1988; Balmford et 
al. 1993; Fitzpatrick 1997) and experimental manipulations of natural 
populations (Evans and Hatchwell 1992; Evans and Thomas 1992) all indicate 
that exaggerated pintails increase drag in proportion to the area of ornamentation 
extending beyond the terminal edge of the tail span. Individuals that possess 
these ornaments honestly signal their ability to overcome this impediment to 
flight (Zahavi 1975; Heywood 1989; Iwasa et al. 1991). Hence, in several 
species, experimental manipulations have demonstrated that individuals with the 
longest ornamental tails are preferred as mates (Andersson 1982; Barnard 1990; 
Andersson 1992; Evans and Hatchwell 1992; Romero-Pujante et al. 2002). 
The fitness benefits of possessing exaggerated ornaments that are 
preferred by females are evident (e.g. Andersson 1994; Johnstone 1995; M0ller 
and Alatalo 1999), yet not all individuals in a population produce ornaments of 
maximum attractiveness. Thus all theoretical mechanisms for sexual selection 
require that ornaments must be costly at a stable equilibrium (Fisher 1930; 
Zahavi 1975; Lande 1980; Grafen 1990; Pomiankowski et al. 1991; Price et al. 
1993). However, only a few studies have actually documented physiological 
costs to a bird as a result of being encumbered with a tail embellishment. Birds 
with artificially elongated tail ornaments suffered a reduced hawking efficiency 
in (pin-tailed) scarlet-tufted malachite sunbirds (Nectarinia johnstoni: Evans and 
Thomas 1992), and in (streamer-tailed) barn swallows (M0ller 1989; M0ller and 
de Lope 1994). In the case of the barn swallows, the reduced flight efficiency 
also caused the males to regrow new tails in the next year that were shorter than 
normal (M0ller 1989), and also lowered survivorship (M0ller and de Lope 1994; 
M0ller and Sze'p 2002). There is also experimental evidence from barn swallows 
that links exaggerated tail ornaments to an impaired immune response (Saino and 
M0ller 1996; Saino et al. 1997a). Further, tail ornament exaggeration in barn 
swallows may increase the risk of predation from sparrowhawks Accipiter nisus 
(M0ller and Neilsen 1997). Recently, Nudds and Spencer (2004) examined the 
effect of streamer length on the daily energy expenditure of male barn swallows, 
as measured using the doubly labelled water technique. Contrary to predictions 
derived from previous findings, the daily energy expenditure of barn swallows 
displayed an n-shaped curve with respect to tail streamer length, indicating that 
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the highest energy expenditure corresponded to an intermediate streamer length, 
presumably because birds with longer streamers modified their foraging 
strategies accordingly (Nudds and Spencer 2004; but see Cuervo et al. 1996). 
Thus, almost all work on the costs of tail ornamentation has been conducted 
upon the outer tail streamers of barn swallows, which are largely a product of 
natural selection. The potential costs of tail ornaments in other birds need to be 
examined. 
Rainbow bee-eaters (Merops ornatus) may provide insights into the study 
of sexual selection. The rectrices of the central tail feathers of these ornate birds 
are elongated to form two 'pins' that extend up to 74 mm beyond the end of the 
tail (an amount equal to the length of the tail proper (Chapter two). The pintails 
of rainbow bee-eaters are clearly epigamic traits: they are absent in juveniles, 
sexually dimorphic, and hyper-variable in length, with coefficients of variation 
of up to 40% (cf. Alatalo et al. 1988; Fitzpatrick 1997: Chapter two). Pintails are 
fully developed by the time the birds have arrived at their breeding grounds 
(unlike some other pintailed species, e.g. Barnard 1994; Savalli 1995). The costs 
of pintails are likely to be particularly severe for rainbow bee-eaters, because of 
their small-medium body size (24-36g), combined with the short legs typical of 
all Coraciiformes. Aerodynamic theory indicates that tail ornaments are 
particularly costly for small birds, and especially so for birds with short legs, 
because the ability to maintain static balance during flight depends on being able 
to move the feet adequately, relative to the bird's centre of gravity, to 
counterbalance the turning moment produced by the weight of the tail (Evans 
2004). Furthermore, rainbow bee-eaters are migratory and hawk for their insect 
prey, so they spend a considerable proportion of their time in flight. 
Several aspects of their breeding biology are likely to exacerbate sexual 
selection. First, they are long-distant migrants, so the start of nesting is 
constrained by arrival date. Second, they are semi-colonial, but unlike many 
other colonial birds (e.g. cliff swallows Hirundo pyrrhonota: Brown and Brown 
1996), colonies form due to nest-site limitation, as birds can only nest in open 
areas containing substrate that can support their nest tunnels. Such areas are 
scarce, and heterogeneously distributed (Chapter three; Chapter nine). Third, 
rainfall increases abruptly during the breeding season, causing a rapid decline in 
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the abundance of their aerial insect prey, which increases the likelihood of brood 
starvation and nest flooding (Chapter three; Chapter eight). Fourth, birds must 
complete their breeding effort before the return migration. Thus, the breeding of 
rainbow bee-eaters is confined in both time and space. 
Here, we explore the reproductive benefits of exaggerated central tail 
feathers in rainbow bee-eaters, and describe some physiological costs of these 
ornaments (measured using haematocrit and a body condition index). Further, we 
discuss the effect of tail ornamentation on nesting behaviour and describe a novel 
tactic used by the birds to reduce the costs of tail ornamentation- they shed them 
once the majority of females have been fertilised. 
METHODS 
Study population 
A population of rainbow bee-eaters nesting within Cooloola National 
Park, southeast Queensland, Australia, was studied between August 1997 and 
January 2001. Cooloola National Park is comprised mainly of heath, sclerophyll 
forests and rainforest, overlaying a sandy soil (see Chapter three for more details 
of the study site). 
Rainbow bee-eaters overwinter in northern Australia and islands to the 
north (Fry et al. 1992), before migrating to more southerly parts of the Australian 
mainland in September (Austral spring) to nest either solitarily or in loose 
colonies of up to 50 evenly spaced nests (Chapter nine). Colony size is 
determined by the amount of available bare ground amongst otherwise thick 
(heath) vegetation (Chapter three). Throughout the four breeding seasons, the 
activity of 433 bee-eater nests was monitored. 
Nests are built at the end of 70-180-cm long tunnels that have been 
excavated directly into sandy soil (Chapter three). At Cooloola National Park, 
nests are attended either by unassisted pairs (55% of nests), or trios (45% of 
. nests) that are typically composed of two males and a female (Chapter two; 
Chapter eight). The clutch of 2-7 eggs is laid between late September and mid-
December. 
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Rainbow bee-eaters are single-brooded, although pairs that lose their nest 
to predation or flooding early in the attempt occasionally attempt a smaller 
replacement clutch (Chapter three). As a consequence, rainbow bee-eaters at 
Cooloola National Park nest in two sequential phases. About 80% of clutches 
(hereafter 'first nests') are initiated in a brief period from 28 September to 20 
October; in other words, from soon after the birds arrive at the breeding grounds, 
until most suitable breeding territories are occupied. -The remaining clutches 
(hereafter 'replacement nests') are mainly laid by birds that have lost first their 
nest to predators or flooding (Chapter three). 
The gender of all adults birds captured in the study was determined using 
a DNA-based test (see Griffiths et al. 1998 for details of the method). Nesting 
birds are classified as females (n=l88), males (n=l 74), or helpers (n=52: which 
are nearly always males). In some birds one or both of the pintails were broken. 
Pintails typically break at, or very close to, the terminal edge of the tail. The 
unbroken tail ornaments of females are normally distributed about a mean of 24 
± 7.1 (s.d.) mm (range= 12-54 mm, n=155), whereas the unbroken ornaments of 
both males and helpers exhibit distinctly bimodal distributions: approximately 
15% of males possess pintails from 12-30 mm (mean= )9.7 ± 4.4 mm, n=24: 
hereafter 'short-tailed' males), while the rest have tails from 36-74 mm (mean= 
51.3 ± 7.8 mm, n=88: i.e. 'long-tailed males': Chapter two). The bimodality of 
male tail ornaments is not related to age, as males in their first breeding season 
can have either short or long tails, and birds captured in multiple years show no 
evidence of an age-related increase in the length of the ornament (Chapter two). 
Morphometric analysis 
All adults handled in this study were captured in their nest by covering 
the nest entrance with mist netting. Thus, birds were never captured prior to 
nesting. A numbered, aluminium leg band was fitted. to all captured adults. A 
small blood sample (<150 µL) was taken from the brachia! vein. Blood samples 
taken from birds captured in the 1999/2000 breeding season were used for 
analysis of haematocrit (the proportion of blood volume occupied by red blood 
cells). In that year, blood was collected in heparinised capillary tubes that were 
stored vertically on ice (for up to 3 hrs) until they were transported to the 
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laboratory and spun in a micro-haematocrit centrifuge for 8 minutes at 12000 
rpm to obtain the haematocrit value. 
The· amount by which the rectrices of the two central tail feathers 
extended beyond the rest of the tail was measured to the nearest 0.1 mm. If the 
pintails were broken, the amount of remnant ornament was measured (usually 0 
mm). Wing length and outside tail feather length were measured to 1 mm. Head-
bill length and tarsus length were measured to 0.1 mm, although tarsus length 
was only taken in the first season as the measurement had low levels of 
repeatability in this species. Body mass was measured to the nearest 0.1 g. 
In some other studies, body condition has been calculated as the residuals 
from a regression of body weight versus the cube of tarsus length (e.g. M0ller et 
al. 2003). This is said to be a repeatable measure of several fitness components 
for other insectivorous birds (e.g. barn swallows: M0ller 1994). A similar 
estimate of condition is used in this study, except (since tarsus length was only 
measured during one field season) head-bill length is used in place of the less-
sampled tarsus length. This should provide a reliable indicator of the mass of the 
bird for a given body size, since head-bill length is tightly correlated with several 
other body size estimates (Chapter two). In addition, a regression of 'male body 
condition using head-bill length' versus 'male body condition using tarsus 
length' produces a highly significant correlation (linear regression: F1,38=186.4; 
r2=0.84; P<0.0001). 
Statistical analysis 
Analyses were carried out usmg a statistical modelling approach 
implemented in Genstat 5, release 4.1 (Genstat committee 1993). Rainbow bee-
eaters in the study site nested in colonies of up to 50 active nests that were 
repeatedly sampled during the study, meaning that the data may not have been 
independent. To account for repeated sampling within an unbalanced design, 
mixed models were fitted that incorporated the random factor, 'colony name', as 
well as any fixed effects of potential interest. Estimates of the variance 
components and fixed . effects were obtained using the residual maximum 
likelihood (REML) method for continuous effects, or the generalised linear 
mixed model (GLMM) method for binomial effects. The significance of terms 
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was assessed using the change in deviance associated with dropping that term 
from a fuller model, since this change in deviance approximates a x_2 distribution. 
Variables of interest included year, colony size (1, 2-8, 16, 28, or 50 
nests), group size (pair or trio), clutch initiation date, clutch size, whether the 
birds attempted a replacement clutch, as well as each of the morphological 
variables described above. Several morphological variables were correlated (for 
example, tail length and wing length: see (Chapter two), and therefore were 
added to each model separately. 
Diagnostic residual plots were examined for unequal vanance and 
deviance from normality to verify the validity of all final models. All significant 
results presented are those predicted from models containing only significant 
terms. In instances where non-significant main effects are presented, the statistics 
presented refer to the results of dropping the term of interest from the final 
model, plus the non-significant term. 
The birds did not suffer obvious distress when trapped in the net or 
during handling. Nonetheless, if several birds were captured at once, some 
individuals were returned before all measurements had been taken, to speed up 
the release of the birds. Thus, in some of the statistics presented here, the sample 
sizes of particular measurements might vary between analyses. All available data 
were included in each analysis. 
RESULTS 
Rainbow bee-eaters were not captured prior to nesting, however, observations 
indicate that almost all birds had intact ornaments when they arrived at the 
breeding grounds. Only two of 66 birds captured at the start of the breeding 
season (prior to 1 November), were missing their ornaments. By this date, the 
majority of clutches had been laid. Birds started losing their ornaments soon 
after. The rate of ornament loss varied significantly among groups of birds 
(contingency table analysis: x_22=19.6; P<0.001), with females more likely to 
have intact ornaments (1551188 = 82%) than alpha males (1121173 = 65%) and 
helpers (26/46 = 57%). 
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The tail ornaments did not wear away gradually, as the length of the 
ornament did not change in birds that were measured more than once during a 
season (provided the ornament hadn't broken off: paired t-test: t-ratio=-0.68; 
n=49; P=0.50). Ornaments did not.appear to break as a direct result of wear and 
tear from entering the nest tunnel, because the chances that a bird had its 
ornament still intact at first capture was not affected by the number of days since 
that bird had started nesting (defined as the date of clutch initiation) in females 
(GLMM: X,21=1.27; P=0.26), or males (GLMM: X,21=1.10; P=0.30). Further, 
remnants of ornaments were never found inside the nest (even though CB 
examined and collected some of the contents of 114 nests for a nest parasite 
study) or near the nest entrance (even though 435 nests were repeatedly 
monitored over four years). 
Females with larger wmgs were more likely to have complete tail 
ornaments at first capture (GLMM: x21=8.48; P=0.004: Fig. 1). The chances that 
a male ornament was still intact when first captured declined significantly during 
the breeding season (GLMM: x21=4.40; P=0.04: Fig. 2a), though at any given 
date, males with larger head-bills were more likely to have their ornament still 
intact (GLMM: X,21=4.76; P=0.03: Fig. 2b). 
Females that were paired with males with longer ornaments laid their 
clutches earlier in the season, both in 'first nests' (REML: x21=6.20; P=0.01: Fig 
3), and in 'replacement nests' (REML: x21=4.86; P=0.03). A small number of 
short-tailed males managed to procure a nesting territory during the first nesting 
phase (n=6), and during the replacement nest phase (n=8) but these represented 
only 2.7% and 4.3% of breeding attempts, respectively. There was no indication 
that female ornament length was associated with lay date, either overall (REML: 
X,21=1.67; P=0.20), in first nests only (REML: x21=0.82; P=0.37), or in 
replacement nests only (REML: x21=0.32; P=0.57: Fig 3b). 
Female clutch size increased non-significantly with her partner's tail 
ornament length (REML: x_21=2.72; P=0.10). There were very few nests that 
avoided predation or flooding in which males were captured with intact 
streamers (n=24). In this reduced sample, productivity tended to increase with 
male ornament length (REML: X,21=2.26; P=0.13), though this was not 
statistically significant. 
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There was no evidence of assortative mating by tail ornament length, 
whether only long-tailed males were considered (REML: x21=0.62; P=0.43), or 
when both short-tailed and long tailed males were included in the analysis 
(REML: x21=0.98; P=0.33). 
Mean haematocrit scores of adult birds (n=93) ranged from 43.5-60%, 
and did not vary between the sexes (ANOVA: F1,91=0.21; P=0.65). In males, 
haematocrit was positively correlated with nest age (REML: x21=4.0l; P=0.001), 
but not the calendar date of capture (x21=1.42; P=0.23). Similarly, in females, 
haematocrit increased linearly with nest age (REML: x21=18.6; P<0.0001), and 
was only weakly influenced by calendar date (x21=3.72; P=0.054). However, 
further modelling revealed that for both sexes the rate of increase in haematocrit 
was significantly impeded by current ornament length (i.e., this analysis includes 
birds with broken ornaments). Thus, amongst adult females, haematocrit was 
positively associated with nest age (REML: x21=3.51; P=0.06, though its 
significance is reduced in the model), but negatively correlated with ornament 
length (x21=7.41; P=0.02: Fig. 4a). Likewise, the haematocrit of adult males 
increased significantly with nest age (REML: x21=10.8; P<0.001), but was 
negatively affected by ornament length (x21=4.89; P=0.03: Fig. 4b). Haematocrit 
was not correlated with any other morphological or ornamental trait, either in 
females (all P>0.19) or males (all P>0.18). 
Body condition tended to be lower m helper males than in adults 
(ANOV A: F2,323=2.86; P=0.055), though this tendency was statistically marginal. 
Male body condition was negatively correlated with ornament length (REML: 
x21=5.10; P=0.02: Fig. 5). This was not merely an artefact of the bimodality of 
male ornament length, as the same pattern held true for long-tailed males 
(REML: x21=4.13; P=0.04), and approached significance for short-tailed males 
(REML: x21=3.36; P=0.07). 
Males that had lost their tail ornaments were in significantly better body 
condition than those still possessing the trait (mean body condition index: 
complete ornament= -0.30; broken ornament= 0.29: REML: x21=4.90; P=0.03). 
Most clutches (including replacement nests) had been initiated by 1 November. 
After this date male condition steadily improves (REML: x21=5.79; P=0.02), 
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though it is slightly lower in males with complete ornaments (REML: X,21=3.40; 
P=0.06: interaction term: X,21=0.66; P=0.42: Fig. 6). 
The situation for females is complicated by the fact that female condition 
is dominated by the age of the nest: female condition deteriorates dramatically 
during the nesting attempt (REML: X,21=7.72; P=0.005: (Chapter eight). Models 
that include this variable indicate that condition is not affected by ornament 
length (REML: x\122=0.93; P=0.34), or by the presence or absence of the 
ornament (REML: x\122=0.31; P=0.31). 
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Figure 1. The probability that a female's tail ornament was intact at first capture 
versus female wing length. Numerals adjacent to points denote sample sizes for 
females of that wing length. The line describes the logistic model prediction. 
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Figure 2. (a) The probability that a male's tail ornament was intact versus date 
of first capture. Capture date was analysed as a continuous variable, but is 
presented here in discrete categories for clarity. Numerals adjacent to points 
denote sample sizes for males of each capture date grouped into 10-day intervals, 
beginning from the date indicated below each point. The line describes the 
logistic model prediction. (b) The probability that a male's tail ornament is intact 
at first capture versus head-bill length. The solid line describes the logistic model 
prediction for the male with the largest head-bill in the population (64 mm), 
whereas the dashed line describes the logistic model prediction for the male with 
the smallest head-bill (50 mm). The vertical bar represents the standard error of 
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Figure 3. The relationship between clutch initiation date and tail ornament 
length for (a) males, and (b) females, in both 'first nests' (28 September to 20 
October), and 'replacement nests' (21 October onwards). Closed points denote 
first nests, with the solid line describing the model prediction. Open points 
denote replacement nests, with the dashed line describing the model prediction. 
There is no significant relationship between female tail ornament length· and 
clutch initiation date. 
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Figure 4. The relationship between haematocrit, nest age, and tail ornament 
length in (a) males, and (b) females. Eggs hatch at Day 0 and chicks fledge 
around Day 29. The solid line describes the model prediction for birds that have 
lost their. tail ornament (i.e. ornament length = 0 mm), while the dashed line 
describes the model prediction for birds with the longest tail ornaments in the 
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Figure 5. Body condition as a function of tail ornament length in males. 
Ornaments usually break off at the terminal edge of the tail, resulting in a large 
number of males with tail ornament length = 0 mm. The distribution of male 
ornaments is bimodal, though the relationship exists for both 'short-tailed' and 
'long-tailed' birds. The line describes the model prediction. 
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Figure 6. Male body condition as a function of date at first capture according to 
whether the tail ornament is intact (closed circles) or absent (open circles). The 
solid line depicts the model prediction for birds with complete ornaments, while 
the dashed line depicts the model prediction for birds with broken ornaments. 
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DISCUSSION 
The results of this study can be summarised· in three main points, which are 
discussed below. First, males with longer tail ornaments enjoyed reproductive 
benefits over males with shorter ornaments as they paired with early-nesting 
females (although no equivalent advantage was identified for females with long 
ornaments). Second, long ornaments in both males and females incurred a 
physiological cost: birds with longer ornaments were in poorer body condition, 
and could produce fewer red blood cells during nesting. Third, the tail ornaments 
of males usually broke off once the clutch was complete, and those males 
improved in condition as a result. 
Benefits of long tail ornaments 
Male rainbow bee-eaters with long tail ornaments paired with females 
that laid their eggs earlier in the breeding season, both during the first nesting 
phase, and again when replacement clutches were laid. Male tail length has also 
been correlated with early laying in other socially monogamous, insectivores, 
including barn swallows (M0ller 1994) and scissor-tailed flycatchers (Tyrannus 
forficatus: Regosin and Pruett-Jones 2001). The relationship described here 
probably arises from intersexual selection for well-adorned males, rather than as 
a result of intrasexual (in this case, male-male) competition, because male 
ornament length is not correlated with any measure of body size (Chapter two). 
Nevertheless, the described relationship might have arisen because of some 
unmeasured and correlated variable. Therefore, mate choice experiments will be 
required to confirm or refute this hypothesis. 
As is the case for many birds, pairing with a female that initiates her 
clutch early is likely to confer considerable fitness benefits to the male. Firstly, 
females that nest earlier in the season are more ornamented, exhibiting thicker 
azure cheek stripes (Chapter six). Since plumage ornamentation is likely to be a 
condition-dependent trait, this suggests that females that nest earlier are higher 
quality individuals, which may correlate with reproductive success (e.g. M0ller 
1994). Second, early-nesting females tend to be in better body condition (Chapter 
three), and in this species, the body condition of the females correlates with the 
relative body condition of their chicks (Chapter eight). Third, females that nest 
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earlier lay larger clutches, which is a significant predictor of fledging success in 
our study population (Chapter three). Fourth, early laying females also lay larger 
eggs (Chapter three), and within many species, larger eggs enhance the 
hatchlings' probability of survival (Pelayo and Clark 2003), although we do not 
have the data to determine if this is the case in rainbow bee-eaters. Furthermore, 
fledging success declines over the course of the breeding season (over and above 
the loss of productivity associated with smaller clutches), due to reduced food 
supply and more frequent nest collapse. from the summer rains. Finally, nesting 
earlier in the season increases the length of time the birds have to attain 
migratory disposition prior to their return migration, which can influence their 
chances of survival during the voyage (Berthold 1993), and may have 
consequences for the development of secondary sexual characters in subsequent 
years (M0ller and Pomiankowski 1993). Unfortunately the sample size of males 
that had been captured with complete ornaments whose nests were not destroyed 
by unpreventable extrinsic events (e.g. predation or flooding) was too small to 
resolve whether this suite of advantages equated to higher reproductive success 
for more ornamented birds, as is the case in some other species (e.g. barn 
swallows: M0ller 1990; great tits Parus major: Norris 1990). 
Rainbow bee-eaters are unusual in that the distribution of male ornament 
length is bimodal. Despite the correlation between ornament length and the date 
of clutch initiation, a small number of short-tailed males still managed to procure 
nest territories, although at a very low frequency. It is possible that these males 
were employing alternative reproductive tactics by mimicking female 
appearance, thereby minimising the amount of competitive interactions from . 
other males (cf. Burley 1981). However, short-tailed males do not mimic other 
aspects of female morphology (Chapter two). Nonetheless, the fact that a small 
percentage of males with distinctly small ornaments were able to obtain breeding 
territories is puzzling, and clearly contradicts the general pattern apparent in 
other, better-appointed males. 
Costs of long tail ornaments 
Since there are reproductive benefits associated with possessing long tail 
ornaments, yet few individuals possess such traits, the production or maintenance 
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of these secondary sexual characters must generate costs that prohibit the 
expression of these traits in lower quality individuals. It is a requirement of 
honest indicator theory that these costs increase in parallel with the increasing 
investment in the sexual trait (Grafen 1990). 
Two lines of evidence emerge from the present study that suggest that 
elongated central tail feathers are costly in rainbow bee-eaters: (i) in males, tail 
ornament length was negatively correlated with current body condition, and (ii) 
in both sexes, tail ornament length was negatively correlated with haematocrit. 
These costs are indirect, physiological costs. The low inter-annual return rate 
does not allow us to determine whether these indirect costs ultimately correspond 
to lower fitness (e.g. through decreased survival or reduction in future 
reproductive success: cf. Kotiaho 2001). 
The poorer body condition of males with longer pintails suggests that 
high quality individuals have lost mass as a result of being encumbered with their 
longer ornaments. Sexual selection models posit that male secondary sexual 
characters are condition-dependent traits: the character is expressed in proportion 
to the individual's condition prior to the display (Heywood 1989; Iwasa et al. 
1991; Andersson 1994; Jennions et al. 2001; but see Cotton et al. 2004). For 
example, conditions during winter predict the expression of male streamer length 
in barn swallows (Saino et al. 2004). In rainbow bee-eaters, the pattern and 
timing of moult is poorly documented. The scant evidence suggests that birds 
moult into their breeding plumage in August, just prior to their spring migration 
(Higgins 1999). Thus, male bee-eaters with long tail adornments were 
presumably the males in the best body condition, both prior to, and during, 
feather development (by virtue of the fact that they grew long ornaments). We 
captured the birds several months later. By this stage, these same high quality 
individuals were in the worst body condition within our population. 
The most likely explanation for the significant loss of condition is that 
birds with long ornaments had lost mass as a result of the additional flight burden 
arising from carrying the aerodynamic handicap. In support of this hypothesis, 
unlike the elongated tail feathers, ornaments that would not affect flight 
performance, such as the area of the black gorget, remain positively correlated 
with body condition (Chapter two). Furthermore, as we discuss below, birds that 
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had lost their tail ornaments were in better condition than birds still encumbered 
with the ornament. 
The second cost of enhanced ornamentation that we identified relates to 
the ability of birds to increase the density of red blood cells. Birds with long 
streamers had significantly reduced haematocrit levels. The haematocrit of 
nesting adults typically increases during the nest attempt (e.g. Merino and 
Barbosa 1997). This is regarded as an adaptive response, since the oxygen-
carrying capacity of the blood increases linearly with haematocrit, and the 
mobile, energy-demanding adults need to have additional red blood cells to cope 
with the extra flight demands of breeding (e.g. Merino and Barbosa 1997; Maina 
2000). This may be particularly important for rainbow bee-eaters, which not only 
capture prey on the wing, but also return frequent, small loads to the nest. During 
peak feeding periods, individuals may return to the nest up to 30 times per hour 
(Chapter 8). Erythropoiesis, however, is energetically expensive (Saino et al. 
1997b,c; Maina 2000), and the ability of rainbow bee-eaters to produce red blood 
cells while nesting was substantially impeded in proportion to the length of the 
tail ornaments. Birds with longer central feathers suffered a proportionally 
greater aerodynamic burden (Thomas 1993), which presumably leaves little 
surplus energy for the production of haematocrit. In other words, rainbow bee-
eaters were trading-off between ornamentation and physiological condition. 
Several other studies of wild birds also indicate that high haematocrit 
values are good indicators of prime condition and health: (Brown 1996). For 
example, in blue tits (Parus caeruleus), individuals with high levels of 
subcutaneous fat have high haematocrit values .(Svensson and Merila 1996). In 
juvenile black ducks (Anas rubripes), haematocrit is positively correlated with 
mass gain (Rattner et al. 1987). Fledgling pied flycatchers (Ficedula hypoleuca) 
with greater relative mass and better-developed breast muscle also have higher 
haematocrit (Potti et al. 1999), as do fledglings given supplementary food 
(Merino and Potti 1998). 
In contrast, low haematocrit is associated with energetically stressed 
individuals, even during periods of intense oxygen demands. For example, black 
wheatears ( Oenanthe leucura) carry heavy stones as an epigamic display; males 
that carry heavier stones have lower haematocrit than males that carry fewer, 
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lighter stones (Soler et al. 1999). In migrating bar-tailed godwits (Limosa 
lapponica), energetically stressed birds that arrive late at staging grounds have 
reduced levels of haematocrit, despite the immense flight costs of migration 
(Piersma and Everaarts 1996). Physiologically stressed birds appear simply 
unable to produce additional red blood cells; that is, until they spend some time 
recuperating at their staging grounds, when haematocrit rises sharply within two 
weeks. In contrast, high-quality migrants that arrive at staging grounds on time 
have high levels of haematocrit (Piersma and Everaarts 1996). Assuming these 
physiological principles also apply to rainbow bee-eaters, if the long ornaments 
of high quality birds did not incur a cost, individuals should still maintain 
elevated levels of haematocrit while nesting. However, since more ornamented 
birds did not elevate haematocrit, it appears that the aggregate energetic burden 
of increased ornament length inhibited the production of red blood cells during 
the energetically demanding phases of nesting. 
Interestingly, essentially the opposite pattern was detected in the only 
other study to date that relates haematocrit to tail ornamentation: barn swallows 
arriving immediately after migration with longer outer tail streamers had 
significantly higher haematocrit than birds with relatively diminished streamers 
(Saino et al. 1997b,c). This has also been argued to indicate that the streamers 
are an aerodynamic handicap that must have arisen via sexual selection. Saino et 
al. (1997b,c) propose that high quality individuals have longer streamers, and the 
additional workload from carrying the aerodynamic handicap while migrating, 
stimulates these birds to produce additional red blood cells. In contrast, low 
quality individuals have shorter streamers that are close to the aerodynamic 
optimum; therefore there is less need to produce more red blood cells on 
migration (Saino et al. 1997b ). 
There are several important differences between the two studies that may 
explain the antithetical results from two otherwise reasonably similar birds (i.e. 
migratory, socially monogamous, insectivores with elongated tail feathers). First, 
rainbow bee-eaters were captured at least a month after arrival at the breeding 
grounds. Indeed, on average, males were captured 60-70 days after arrival. 
Almost all birds were actively breeding, and as a result haematocrit was 
generally increasing. In contrast, Saino et al. (1997b,c) discarded from their 
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analyses all data from birds captured more than 28 days after arrival at the 
breeding grounds. The haematocrit of barn swallows was generally decreasing as 
the birds recuperated after migration, prior to breeding. Thus, barn swallows with 
longer streamers may have had higher haematocrit due to the increased flight 
costs of recent migration. Although it is costly to produce red blood cells, there 
may be little cost in retaining them. Consequently, birds with longer streamers 
had higher haematocrit at the start of the breeding season. Saino et al. (1997b,c) 
do not report on haematocrit levels towards the end of the breeding effort when 
the erythrocyte count must again increase. If the tail streamers have imposed a 
significant burden upon barn swallows for the duration of their nesting attempts 
(e.g. M0ller 1994; M0ller et al. 1998), then the additional costs of erythropoiesis 
may inhibit the rise of haematocrit in more ornamented, birds, as occurred in this 
study. 
An alternative explanation for the opposing results reported between this 
study and that of Saino et al. (1997b,c), is that while the central tail feathers of 
rainbow bee-eaters are ornamental (i.e. costly; e.g. Balmford et al. 1993; Thomas 
1993), the outer tail streamers of barn swallows may, in fact, present only a 
minor aerodynamic handicap (Norberg 1994; Evans 1998, 2003; Rowe et al. 
2001; see Introduction). If the tail streamers of barn swallows are not especially 
costly, birds in good condition would be expected to produce additional red 
blood cells during migration, resulting in the pattern of elevated levels of 
haematocrit observed in high quality barn swallows. 
To date, very little work has been conducted on haematocrit and sexual 
selection, particularly in regards to plumage ornamentation. The two studies that 
have thus far addressed this issue (Saino et al. 1997b,c; this study), have 
presented very different results. Much more work needs to be done to test the 
hypothesis presented here: that a cost of plumage ornamentation in birds is the 
reduced capacity to elevate haematocrit during periods of peak energetic 
demands. 
Adaptive loss of ornaments? 
Given that the tail ornaments of rainbow bee-eaters appear to serve a role 
in mate choice, and that they are physiologically costly to maintain, we suggest 
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that it is adaptive for birds to shed their ornaments after pairing, especially in a 
synchronously breeding species where the benefits of epigamic traits rapidly 
decline as fewer females are available for pairing or extra-pair copulation. 
The precise mechanism by which the tail ornaments were removed is not 
known. Ornaments were not lost simply as a result of abrasion caused by cavity 
nesting. Indeed, ornament loss was inversely related to the amount of parental 
care: females provide most care (Chapter eight) but retain their streamers 
longest, whereas helpers provide least care, and lose their ornaments most often. 
Higher quality birds retained their tail ornaments further into the breeding 
season. First, helpers (which may be hormonally incapable of breeding: Chapter 
two), were in poorer body condition than breeding adults, and were more likely 
to have lost their ornament by the time of first capture. Second, males with larger 
head-bills, and females with longer wings, were more likely to be captured with 
an intact ornament, than were their smaller rivals. These two characters may 
reflect individual quality in this species, as rainbow bee-eaters pair assortatively 
according to both of these traits (Chapter six). 
Experimental manipulations comparing the body condition of males 
before and after tail ornament removal might provide strong evidence for (or 
against) an adaptive benefit of ornament loss. However, there is some supporting 
evidence from a 'natural experiment' that took place: males that had lost their 
ornaments during the breeding attempt were in better condition than males that 
were still laden with the ornament, presumably because they were now more 
efficient during flight and in hawking (e.g. Evans and Thomas 1992), and hence 
they were better able to gain weight. The alternative hypothesis (that males in 
better condition were more likely to lose their ornaments) is invalid because, as 
discussed, higher quality birds actually retained their ornaments longer into the 
breeding season. 
If low quality birds consume a suboptimal diet during feather growth, 
even for a brief period, then visible weaknesses in the feathers (i.e. fault bars) 
can develop (Grubb 1989, 1991). Weaker feathers might be more prone to 
breakage during the nesting process. Thus, the rapidity of ornament loss would 
reveal the individual's dietary state during the previous winter. A similar effect 
has been reported in magpies (Pica pica), where individuals paired assortatively 
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according to the degree of tail feather damage. Pairs with almost completely 
undamaged tail feathers fledged more offspring than pairs with poorer tails, 
suggesting that tail feather integrity may also reflect individual quality in 
magpies (Fitzpatrick and Price 1997). It would appear that in magpies and 
rainbow bee-eaters, tail feather retention (or integrity) is a condition-dependent 
signal with an intrinsically 'revealing' nature (Hamilton and Zuk 1982; Iwasa et 
al. 1991). 
An alternative explanation for the pattern of ornament loss observed in 
our study is that higher quality males invested more heavily in mate attraction 
and contributed less to paternal care (e.g. Wingfield et al. 1990; M0ller and 
Thornhill 1998), and were therefore less likely to break their ornaments in the 
nest. However, this alternative explanation seems unlikely, since a very similar 
pattern occurred within females (individuals with longer wings retained their 
ornaments longer), yet there is no reported link between female investment in 
mate attraction and parental care. In addition, as mentioned previously, we found 
no evidence to suggest that ornament loss was associated with nest visits. 
The high quality birds that were capable of retaining their epigamic traits 
for a longer duration may have benefited by gaining extra pair fertilisations 
(despite their social monogamy) with birds that were attempting replacement 
nests. Males guarded females during this time, and extra-group males were 
observed chasing females that were fertile (Chapter two; C.R.J. Boland, personal 
observations; see also Emlen and Wrege 1986), suggesting that there was a 
possibility of extra pair copulations. It is possible that females use tail 
ornamentation in deciding whether to solicit or permit copulation, as has been 
suggested for barn swallows (M0ller 1988; M0ller et al. 2003; but see Smith et 
al. 1991). Certainly, experimental studies will be required to corroborate these 
ideas. 
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COSTS OF REPRODUCTION AND EFFECTS OF 
COOPERATIVE BREEDING ON REPRODUCTIVE 
SUCCESS IN RAINBOW BEE-EATERS 
Chapter eight: cooperative breeding biology of rainbow bee-eaters 
ABSTRACT 
Rainbow bee-eaters (Merops ornatus) are unusual in that they combine 
migration and coloniality with facultative cooperative breeding. At Cooloola 
National Park, south-east Queensland, 55% (991180) of nests are attended by 
pairs, while the rest are attended by trios usually comprised of two males and a 
female. The frequency of cooperative nests increased as colony size (1-5 0 nests) 
increased. Females contributed more to reproduction than males, during both 
the incubation and chick-rearing phases. Helpers contributed at approximately 
7 8% the rate of an adult. The durations of female incubation bouts were 
significantly longer than those of males and helpers, and females lost 
considerably more mass as a result. The presence of helpers enabled females to 
lighten their costly incubation load, which might increase the chances that a 
female can lay a replacement clutch later in the season if the first nest is lost to 
predation or flooding. However, males returned significantly larger food items to 
the nest and have considerably larger bills than females, suggesting there is 
some reproductive role division and niche specialisation between the sexes, 
which may improve chick growth efficiency. Trios had significantly higher 
reproductive success (mean 2. 96 fledglings per nest) than pairs· (2. 0 I fledglings 
per nest). The enhanced productivity was a result of increased provisioning rates 
rather than decreased predation. The chicks of trios were relatively heavier, had 
higher haematocrit, and were less vulnerable to death by starvation than the 
chicks of pairs. Five lines of evidence indicate that the adult males and females 
that nested in trios were higher quality than their counterparts nesting in pairs: 
(i) cooperative-breeding adults had significantly different phenotypes than pair-
breeding birds (they were larger, more ornamented, and more symmetrical); (ii) 
trio-males returned significantly larger food items than pair-males; (iii) trio-
males were less likely to false feed at the nest than pair males; (iv) in 
combination, the breeding pair at cooperative nests returned more items to the 
nest than the breeding pair at non-cooperative nests, and (v) trio-females laid 
larger clutches than pair-females. These differences are. likely to account for at 
least some of the improved reproductive success enjoyed by trios, because 
reproductive success in trios was disproportionately greater than would be 
predicted from the relatively meagre contributions of helpers. 
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INTRODUCTION 
Cooperative breeding among birds refers to the mating system in which more 
than a simple pair of individuals exhibits parent-like behaviour toward offspring 
of a single nest (Hatchwell and Komdeur 2000). This mating system presents an 
intriguing conundrum, because some birds (the helpers) are caring for offspring 
that are not their own. This behaviour can be costly for helpers, as they. must 
delay independent reproduction and endure the energetic costs of parental care 
(Clutton-Brock 1991; Heinsohn 2004). However, by helping, these 
supernumerary birds may obtain either direct qr indirect fitness benefits that 
ultimately outweigh these costs. 
Auxiliaries gain direct fitness benefits if helping increases their 
probability of survival or reproduction (reviewed by Cockburn 1998). For 
example, by helping, supernumerary birds may (i) increase the size of their 
group, which improves the quality of their territory (Woolfenden and Fitzpatrick 
1984), (ii) develop the skills required for independent reproduction (Heinsohn et 
al. 1988), (iii) enhance their social prestige (Zahavi 1990), (iv) form alliances 
that aid in competitive situations (Ligon and Ligon 1990), (v) increase their 
chances of direct paternity (Davies 1992), or (vi) 'pay rent' in return for access to 
the dominant bird's valuable territory (Mulder and Langmore 1993). These direct 
fitness benefits are likely to be important in systems where helpers are umelated 
to the offspring for which they care. 
Alternatively, the auxiliary may gain indirect fitness benefits if helping at 
the nest increases the survival of related individuals (Hamilton 1964; Brown 
1987; 'Emlen 1997). This hypothesis has received solid support from studies in 
which helpers preferentially direct aid to closer relatives (Emlen and Wrege 
1988; Curry and Grant 1990). Helpers can enhance the reproductive success of 
close relatives either by improving the productivity of the current breeding 
attempt (Brown et al. 1982; Mumme 1992), or by increasing the number of 
future breeding attempts (Crick 1992). 
A number of correlative studies have shown that helpers do improve the 
reproductive success of the current breeding effort (e.g. Dyer 1983; Emlen and 
Wrege 1991; Heinsohn 1992; reviewed in Hatchwell 1999). These studies have 
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been supported by experiments on free-living birds, which demonstrated the 
value of helpers to reproductive success: productivity increased in groups that 
had provisioning rates artificially elevated (Boland et al. 1997 a,b ), and decreased 
in groups in which provisioning rates were lowered via helper removal (Brown et 
al. 1982; Mumm'e 1992; Komdeur 1996). However, other studies have found no 
relationship (Gaston 1978; Leonard et al. 1989; Monadjem et al. 1995; Magrath 
and Yezarinac 1997), or' an n-shaped relationship (Legge 2000a), between the 
number of helpers in a group and reproductive success. 
Another means by which helpers can enhance the production of non-
descendant kin is by lightening the costs of reproduction for their relatives by 
undertaking part of the breeding effort (Brown 1978; Crick 1992; Langen and 
Verhencamp 1999). This could enable their relatives to increase the number of 
breeding attempts in a season (Brown and Brown 1981; Heinsohn 1992; Innes 
and Johnston 1996), and/or in their lifetime (Curry 1988; Mumme et al. 1989). 
Parents can vary in their response to the help they receive from auxiliaries: adults 
can accept the help as additional to their own, reduce their own workload, or 
strike a compromise between the two strategies (Hatchwell 1999; McGowan et 
al. 2003; Heinsohn 2004). Variation in the reproductive effort between group 
members reflects the dissimilar costs experienced by birds of different age, sex 
or quality (Heinsohn and Cockburn 1994; Komdeur 1996; Boland et al. 1997a,b; 
Heinsohn and Legge 1999), and a group member's response to a lightened load 
should be expected to vary in much the same way (Hatchwell 1999). Variation in 
the way an individual responds to a lightened load might also depend upon the 
relative costs of different aspects of reproduction (cf. Legge 2000b ). For 
example, incubation can. have a large effect on the metabolic rate of birds, and 
greatly restricts opportunities for foraging (Thomson et al. 1998; Creswell et al. 
2004), whereas constant feeding of chicks during the peak growth phase might 
incur an enormous flight burden (Norberg 1981), but at little cost to self-foraging 
rates. 
After rev1ewmg studies identifying either direct or indirect fitness 
benefits to helpers in cooperative species, Cockburn (1998) emphasised the fact 
that even if a positive relationship between group size and reproductive success 
does exist, it may have arisen through the confounding effects of pair and/or 
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territory quality rather than via helper contributions per se (see also Brown 1978; 
Emlen 1991). That is, high quality birds living in prime territories may enjoy 
greater reproductive success, and since their offspring delay dispersal, they 
develop a large group size. If the high quality birds (and their group members) 
continue to live in their prime territory and continue to have elevated breeding 
success, then larger groups will be correlated artefactually with superior 
productivity. This problem also exists for models of load lightening: if territories 
are of high quality, then the chances are increased that both adults and young 
survive, generating an incidental correlation between group size and adult 
survival (Cockburn 1998). Rarely have experimental studies shown conclusively 
that group size augments reproductive success in the absence of these 
confounding factors (e.g. Brown et al. 1982; Komdeur 1994). 
Recent studies that have considered this problem have concluded that 
higher reproductive success in larger groups was indeed due to higher quality 
parents and/or territories, rather than the effects of group size (e.g. Legge 2000b; 
Eguchi et al. 2002). For example, in rufous vanga (Schetba rufa), productivity 
was higher in cooperative groups, even though provisioning by auxiliaries did 
not enhance the growth rate of nestlings. Moreover, a pair-match comparison of 
the same pairs between years, with and without helpers, showed that pairs that at 
some stage were accompanied by auxiliaries enjoyed higher reproductive 
success, even in those years when their auxiliaries were absent, compared with 
pairs that always bred alone (Eguchi et al. 2002). The authors conclude that the 
quality of the breeding pair and/or their territory may be more important in 
determining reproductive success than the number of helpers. 
In this study I provide the first detailed description of the incubation and 
provisioning behaviour of rainbow bee-eaters (Merops ornatus ), a facultative 
cooperative breeder in which the socially monogamous, dominant pair is assisted 
by up to six helpers (Comrie-Smith 1930; Lill 1993; Chapter three). The precise 
identity of helpers has not yet been established via molecular techniques, 
however the limited banding data suggest that helpers are the young from 
previous years (Chapter two). Helpers contribute to all aspects of reproduction 
(Chapter three), and even develop brood patches (Filewood et al. 1977; C.R.J. 
Boland, personal observations). Since brood reduction affects a significant 
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proportion of hatchlings (Chapter three), helpers may gam indirect fitness 
benefits by enhancing the production of non-descendant kin, as is the case for 
other well-studied bee-eaters (e.g. Emlen 1990; Lessells 1990). I use multi-
variate analyses of data from four field seasons to (i) explore some of the costs 
suffered by group members during various stages of reproduction, (ii) examine 
the effects of help on both reproductive success and parental effort, and (iii) 
investigate the potential confounding effects of parental quality and group size. 
METHODS 
Study species 
The study was conducted from August 1997 to January 2001, at Cooloola 
National Park in south-eastern Queensland (see Chapter three for a detailed 
description of the field site). 
Rainbow bee-eaters breed in the austral spring and summer. They are 
single brooded, but will sometimes lay a replacement clutch if the original nest is 
ruined during the incubation phase by predation or flooding. The clutch of 2-7 
eggs is laid at the end of a 70-180 cm long tunnel that has been excavated 
directly into sandy soil. Eggs are laid at intervals of 48 hours. Eggs hatch after 
22-31 days of incubation (mean=24 days), usually 0-3 days apart. Nestlings 
fledge at 24-36 days (mean=29 days: Chapter three), hut continue to be fed by 
adult group members for several weeks after fledging (Morris 1977), even during 
the return migration (Mathews 1918). 
General field methods 
The general field methods employed in this study are described in detail 
elsewhere (Chapter three; Appendix one). The nest outcomes at 329 nests were 
monitored. The timing of laying, hatching, brood reduction, predation, and 
fledging events were determined using a purpose-built 'burrowscope' (i.e. a 
miniature video camera mounted on the end of a length of flexible conduit) that 
could be inserted into the birds' burrows (Appendix one). Nests were checked 
daily when important nesting events were approaching (e.g. laying, hatching, 
fledging). Spontaneous and complete nest failure occurred as a result of (a) all 
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eggs within a clutch failing to hatch (n=20), (b) nest collapse due to flooding 
(n=l2), or (c) predation (n=l95). Predation events were always easily 
recognisable (by the destruction to the nest, the presence of the predator in the 
nest, or the partial remains of adult bee-eaters in the nest), and all resulted in the 
instantaneous loss of the entire clutch or brood (Chapter three). Predation and 
flooding events are often referred to as 'nest disasters', hereafter. In contrast, 
brood reduction was a gradual process in which one or more nestlings - usually 
the smallest - died in the nest. Occasionally (n=13), sequential brood reduction 
over several days led to complete nest failure. Thus, young fledged from only 
85/329 (26%) nests (Chapter three). 
Group structure was closely monitored at 180 nests. Rainbow bee-eaters 
nested either as a simple pair or as a trio. Group size was usually simple to 
ascertain, as non-group members were not tolerated near the nest. Group size 
was particularly apparent during feeding, as sometimes all three group-members 
would be simultaneously attending a single nest. The presence of an auxiliary 
could be corroborated by capturing the auxiliary in the nest, or by observing 
three birds roosting in the nest overnight using the 'burrowscope'. Furthermore, 
video cameras were mounted near the nest entrances of 51 nests (see below), 
capturing at least 3 hours of nest attendance behaviour. Analyses of these tapes 
revealed that in every instance group size had indeed been correctly determined 
from observation. Since no breeding pair studied had more than one helper, 
breeding units are referred to as either 'pairs' or 'trios'. Each bird in the group 
was assigned breeder or helper status from behavioural cues. Therefore, each 
bird in the study belonged to one of five classes: pair-females, pair-males, trio-
females, trio-males, or helper-males (hereafter simply 'helpers'). 
Adults were captured inside the nest by covering the nest entrance with 
mist netting. A single, numbered, aluminium leg band was fitted to all captured 
adults. Morphological traits were measured using the methods described 
elsewhere (Chapter two). The gender of all adults and chicks captured in the 
study was determined unambiguously using a molecular technique: DNA was 
extracted from small blood samples (20-150 µL) that had been obtained through 
brachia! venipuncture, and PCR was used to amplify a sex-linked homologue of 
the CHD gene (Griffiths et al. 1998). 
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Any individual that was captured more than once during the breeding 
season was re-weighed to determine if body mass had changed in the interim. 
Because birds were recaptured at varying intervals, mass change was calculated 
as a rate ([mass at T 2 - mass at TI] I number of days between capture, where T 
denotes the date of capture). Only birds recaptured at least five days since the 
date of their first capture (n=l 79) were included to overcome any small-scale 
mass perturbations (cf. Crick and Fry 1986). Since rainbow bee-eaters incubate 
for less than 31 days, and chicks take under 36 days to fledge (Chapter three), 
then the minimum of 5 days between captures represents a considerable fraction 
of the overall nesting attempt. 
For the purposes of mass change analyses, the nesting attempt was 
divided into four phases: (i) incubation, when nests contained unhatched eggs; 
(ii) brooding, when nests contained small, mostly naked hatchlings up to 14 days 
of age; parents spent quite lengthy periods in the nest during visits, (iii) feeding, 
when nests contain older chicks that had begun to develop feathers; parents spent 
considerably less time in the nest during visits, (iv) interlude, when birds were 
between breeding events because the first nest was lost to predation or flooding 
(see also Fig. 1 ). Birds that were recaptured twice were assigned to one of these 
four categories on the basis of the average date of the two capture events, relative 
to clutch initiation. Adult body condition was estimated as the residuals of the 
regression between body weight and head-bill length (Brown 1996). However, 
very similar results are obtained if simple body mass is used as the measure of 
condition. 
The eggs from 30 clutches and the chicks from 114 separate nests were 
handled at various stages throughout the nesting process. In each case, a 
temporary access hole was carefully excavated into the back of the nest chamber. 
The length and breadth, of each egg was measured to the nearest 0.1 mm using 
dial callipers, enabling egg volume to be calculated as 0.00051 x length x width2 
(Hoyt 1979). A single, numbered, aluminium leg band was fitted to nestlings 
over 12 days old. If sufficient blood was extracted from chicks (i.e. >50 µL) 
haematocrit scores were obtained using the methods described in (Chapter 
seven). Chick mass was measured to the nearest 0.1 g using a Pesola spring 
balance. Head-bill length and tarsus length were measured to 0.1 mm. Because 
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bee-eaters do not practice any nest sanitation, recently deceased chicks were 
often found in the nest. This provides a rare opportunity to compare directly the 
head-bill lengths of individuals that have recently suffered from brood reduction 
(n=l5) with the head-bill lengths of their surviving sibs (n=l 7). Only very fresh 
corpses (i.e. <2 days since death) from 8 separate nests were considered. The 
eggs or chicks were then returned to the nest via the access hole, which was then 
sealed off with a plastic plate, and back-filled with the original sand. The birds 
always resumed nesting activities soon after, with no evidence of nest desertion 
emerging from this procedure. The plastic plates were recovered at the end of 
each breeding season. 
Since each brood was measured and weighed at variable stages 
throughout the nest attempt, in order to compare the relative condition of chicks 
between broods, the variable 'relative mass' was determined from the residuals 
of the regression of nest age versus chick weight. Thus, chicks that were heavier 
than other chicks of a similar age obtained positive scores, whereas chicks that 
were lighter than others their age obtained negative scores. To avoid 
pseudoreplication, the relative masses of all chicks in a given brood were 
averaged to provide an estimate of the relative mass of each brood (i.e. 'relative 
brood mass'). 
Focal nest watches 
Twenty-seven nests (12 pairs and 15 trios) were chosen for focal nest 
watches. Focal nests were filmed from video cameras mounted near the nest. 
Early in the nesting attempt, a single, wooden stake (50-120 cm tall) was driven 
into the substrate approximately 3 m from the nest entrance where it would 
remain for the rest of the field season. A non-transparent plastic cylinder (that 
would house the video camera during nest watches) was permanently fixed to the 
top of the stake. The bee-eaters soon habituated to the presence of the permanent 
structure near the nest, occasionally perching atop the structure between foraging 
bouts. In order to record nesting behaviour, a video camera (Sony Video 8 XR 
Handycam powered by a long-life Sony Infolithium NP-F950 battery) was 
fastened inside the plastic cylinder and directed towards the nest entrance. This 
process typically took less than three minutes to complete. Recording began 
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immediately after the camera was installed and continued for over three hours, 
with no humans present in the vicinity of the nest during taping. Nests were 
filmed at roughly five-day intervals during each nest attempt. Filming began at 
random times between the hours of 06:00 and 15:30 hr. Nest behaviour was not 
recorded during periods of persistent rainfall. 
Video data was downloaded into digital format to a computer (using a 
Canopus Advanced Digital Video Converter ADVClOO) enabling each video to 
be watched in digital quality (via iMovie 3.0.3). Even though starting each 
recording session entailed minimal time spent around the nest (and no visible 
change to the camera housing), the first hour of each nest watch was not scored 
in order to eliminate any potential disturbance to the birds' behaviour. The 
following two hours of nest behaviour were scored by advancing the digital 
'movie' to periods when birds appeared on the screen. Birds· appearing in focal 
watch movies were individually identifiable via the presence or absence of leg 
bands, and, if necessary, individual plumage characteristics (e.g., tail ornament 
length and black gorget area are hyper-variable traits that aided individual 
recognition). 
The digital movie was paused at the precise frame that a given behaviour 
occurred. This enabled the timing of any behaviour to be recorded to the nearest 
second. The following behaviours were recorded: the time at which the bird 
arrived at the nest entrance; the size of any item brought to the nest (see below); 
the time at which the bird entered the nest; whether or not the bird dug at the nest 
entrance (as evidenced by a spray of sand flicking up behind the bird's legs); the 
time at which the bird re-emerged from the nest; whether the bird emerged from 
the nest head-first or tail-first; and the time at which the bird left the nest area. 
From these variables it was possible to determine the amount of time each bird 
spent (i) at the nest entrance prior to feeding, (ii) in the nest, (iii) at the entrance 
after feeding, and (iv) away from the nest between visits. 
Bee-eaters invariably bring only one item to the nest at a time. If the 
bird's body on approach did not obscure the food item, then the item was always 
visible. Even very small items were visible on the footage. The range of food 
brought back to the nest was categorised into four food size classes, estimated by 
comparison with the size of the bill: (i) up to the size of a honeybee: < 15 mm, 
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(ii), the size of a moth or march fly: 15-25 mm, (iii) the size of a dragonfly: 25-
35 mm, (iv) a large dragonfly: > 35 mm. While this classification system is 
obviously less than ideal, its simplicity ensures that most items returned to the 
nest were easy to categorise. On some occasions, individuals at the nest departed 
from the typical attendance behaviour. For example, some birds arrived at the 
nest carrying food, but either (i) consumed the food at the entrance before 
entering the nest, or (ii) entered the nest with food, only to re-emerge with the 
food before flying off. Any instances of these behaviours were recorded. 
The rate of increase in the total number of feeding visits (i.e. females, 
males, and helpers, combined) over the course of the nest attempt for each of the 
focal nests was determined to provide an estimate of the overall feeding effort for 
each nest. This enabled the variable 'feeding rate' to be calculated as the number 
of feeds at Day 15 as predicted from each curve for each nest. This variable 
should provide a better estimate of overall feeding rate than simply the number 
of feeds observed on one particular day. 
Statistical analysis 
A statistical modelling approach was used to consider the effects of 
individual and demographic parameters upon breeding behaviour and 
reproductive success. Mixed models were fitted using the residual maximum 
likelihood (REML) and generalised linear mixed model (GLMM) procedures 
implemented in Genstat 5.1 (Genstat Committee 1993). 
All mixed models included the fixed effects of interest, as well as a 
random effect ('colony name') to circumvent potential problems of dependence 
associated with multiple sampling from within larger colonies. When analysing 
data pertaining to nest attendance, a random structure was used where the. 
identity of the brood was nested with the identity of the colony (Genstat 
Committee 1993). To assess the significance of variables, I initially fitted full 
fixed models containing potentially explanatory variables and their interaction 
terms. Significance was estimated by sequentially eliminating non-significant 
(P>0.05) terms from the model, causing a change in deviance that approximates 
a chi-square distribution. Final models were selected once only significant terms 
remained. Terms discarded early in the model were re-evaluated by observing 
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the change in deviance when adding them to the final model (none were 
significant). Diagnostic plots were examined for unequal variance and deviance 
from normality to verify the validity of all final, parsimonious models. The mean 
duration of nest visits during feeding was In-transformed to normalise residuals. 
All significant REML and GLMM results presented here are those 
predicted from models that contain significant terms only. In cases where I have 
presented non-significant main effects, the statistics presented refer to the results 
of adding the term of interest to a model containing otherwise significant terms. 
The significance of an interaction term is only reported if it is statistically 
significant, unless the non-significance of the interaction is biologically relevant. 
Data are presented as means ± standard errors, unless stated. 
RESULTS 
Group composition and morphology 
Almost half of all monitored nests (81/180 = 45%) were attended by trios, 
while the rest were reared by simple pairs (n=99). No more than three birds were 
ever captured at a single nest. Captured auxiliaries were usually males (n=48/52: 
92% ). If these nests are a representative sample of nests at Coo loo la National 
Park, then males comprise 57.7% of the adult population. The proportion of 
cooperative nests in a colony increased with colony size (Table 1 ). In comparison 
with pair-males, trio-males had significantly longer wings, had less patchy blue 
feathering around the throat, and were more likely to have their tail ornaments 
intact at first capture (Table 2). Trio males also tended to be heavier than pair-
males (Table 2). Likewise, trio-females possessed significantly longer wings, 
were in better body condition (when accounting for nest age), and had more 
symmetrical azure cheek stripes (i.e. facial ornamentation) than pair-females 
(Table 2). 
Incubation and feeding behaviour 
Males undertook more frequent but shorter stays at the nest than females, 
while helpers made less frequent and shorter stays than either sex (mean 
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frequency: x.22=14.8; P<0.001; mean duration: x.22=21.5; P<0.001; Table 3; Fig. 
la). Because of these fundamental differences between the incubation rates of 
females, males and helpers, incubation data were analysed separately for each. 
Group size did not influence the mean duration of incubation bouts, either 
in females (mean duration: x.21=0.00; P=l.00), or males (mean duration: 
x.21=0.01; P=0.91). However, females without helpers made significantly more 
visits (X,21=4.53; P=0.03: Table 3). In contrast, males did not alter their 
incubation rate with group size (X,21=0.93; P=0.34), despite the apparent change 
suggested in Table 3. In addition, females made more frequent (X,22=10.5; 
P=O.Ol), but shorter (X,22=6.19; P=0.045) visits in the morning, meaning that the 
sum total of time spent incubating was not affected by time of day (X,22=0.04; 
P=0.96). The additional assistance from helpers did not affect the total time in 
which the clutch was incubated (X,21=0.0; P=0.99). 
As with incubation rates, the frequency and mean duration of chick 
feeding visits was significantly different between females, males and helpers 
(mean frequency: x.22=7.9; P=0.02; mean duration: x.22=13.8; P=0.001: Fig. lb). 
Overall, the model indicates that females undertook more feeding visits to the 
nest than males (adjusted mean visits per 2 hours: females= 14.1; males= 13.5), 
while helpers contributed at 78.7% the rate of the average parent (adjusted mean 
visits per 2 hours: helpers = 10.88). 
Visit rate increased and visit duration decreased as the brood aged, in 
females, males and helpers, alike (all P<0.001). In addition, feeding rates were 
relatively higher by females that were maintaining their body mass (X,21=5.81; 
P=0.02: Fig. 2). Group size did not significantly influence the frequency of nest 
visits by females (X,21=1.56; P=0.21) or males (X,21=0.69; P=0.41), individually. 
However, the combined workload of males and females was significantly greater 
in trios than in pairs (X,21=5.06; P=0.03: Fig. 3). This elevation in feeding rate 
from the dominant pair, plus the additional food provided by helpers, ensured 
that trios returned significantly more food items to the nest than pairs (X,21=14.5; 
P<0.001; nest age: X,21=51.3; P<0.001: interaction: x.21=1.28; P=0.26). Birds did 
not appear to adjust their feeding rate according to brood size (all P>0.16). 
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The size of food items returned to the nest was visible on 611 occasions 
from 121 nest watches. Data on food size were obtained in equivalent 
proportions of visits for each class of bird (i.e. male, female or helper: x22=1.95; 
P=0.38). Birds returned larger food items as the nest progressed (X,21=3.93; 
P=0.048). The mean observed food size returned per nest watch was larger for 
males than for helpers and females (X,22=6.64; P=0.04: Table 4). Further, males 
in trios returned significantly larger items than males in pairs (mean food size: 
pairs= 1.43 ± 0.10; trios= 1.69 ± 0.07: x21=4.61; P=0.03). Females did not alter 
the size of their food returns with the presence of a helper (X,21=1.28; P=0.26). 
The intervals between successive nest-feeding bouts by any given 
individual varied according to the size of the food item returned: birds that 
returned larger prey items to the brood had spent a greater period of time away 
from the nest since their last visit (X,23=15.9; P<0.001: Fig. 4). 
Two different types of 'false feeding' behaviours were observed. First, 
occasionally birds would arrive carrying a food item, only to eat the item before 
entering the nest tunnel (n=7). Individuals then remained in the nest for an 
average of 180 ± 282 secs. Second, sometimes birds carried food into the nest 
tunnel, only to re-emerge, on average 3.7 ± 1.2 secs later, still holding the food 
(n=58). The bird would then fly away with the food item. These two behaviours 
were pooled for analysis, which revealed that helpers were most likely to false-
feed, ahead of males and females (X,22=28.2; P<0.001: Table 5). Further, in a 
separate analysis males were more likely to false-feed when in pairs, rather than 
in trios (Fisher's exact test: P=0.02; Table 5). 
Mass changes during the nest attempt 
Overall, male mass changes were not determined by nest stage, whereas 
female body mass changes were (sex I nest stage interaction term: x23=8.4; 
P=0.007; Fig. 5). During incubation and brooding, females in pairs lost mass at a 
higher rate than females in trios, but the difference wa~ not significant (X,21=2.69; 
P=0.10). The sample size of recaptured helpers (n=l2) was too small for 
meaningful analysis. 
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The significant differences in body mass changes during the nest attempt 
were also evident when examining the weights of all birds at first capture. In this 
larger sample, there was a significant interaction between sex and nest age at 
capture: females captured later in the season were lighter, but male mass 
remained constant (x21=8.72; P=0.003: Fig. 6a). 
The loss of condition during the breeding attempt also meant that females 
captured later in the season were in poorer condition (x21=5.95; P=0.02). 
Conversely, male body mass increased during the breeding season: a bird's 
condition at first capture was improved amongst males captured later in the 
season (x21=3.89; P=0.048), with a significant interaction between sex and 
calendar date at first capture (x21=9.46; P=0.002: Fig. 6b). A very similar pattern 
affected helper body mass, with mass changing according to the date at which 
the bird was captured (increasing at 0.04 ± 0.03 g day: x21=4.50; P=0.043) but 
not according to the number of days since the clutch was initiated (x21=1.83; 
P=0.19). 
Clutch size was not a significant predictor of female mass loss (x21 =2.26; 
P=0.13). However, females that laid smaller eggs suffered greater mass loss 
during the nest attempt (x21=4.12; P=0.04: Fig 7). Further, females that nested at 
the edge of the largest colony lost more mass per day than females that nested 
toward its centre (X21=5.72; P=0.02). 
Reproductive output 
Trios fledged significantly more young than pairs, whether all nests are 
considered, or just those nests avoiding nest disasters (Table 6). When 
considering only nests that avoided disasters, reproductive success was 47% 
higher in cooperative nests (Table 6). In addition, female bill length (x21=3.08; 
P=0.08) and male tail length (x21=3.82; P=0.051) were both partially correlated 
with reproductive success, on top of that predicted from group size, when nest 
disasters are excluded. No other traits correlated with improved reproductive 
success over and above that resulting from group size (all P>0.13). 
Pairs and trios did not differ in their chances of losing their nest to 
predation by native species (x21=1.23; P=0.27), introduced species (x21=0.89; 
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P=0.35), or the combined effect of all predators (X,21=0.13; P=0.72). Further, 
group size had little obvious influence over a number of reproductive parameters, 
including territory size, whether birds nested at the centre or edge of the colony, 
nest depth, first clutch initiation date, mean egg volume, or hatching success (all 
P>0.2). 
Trios were almost twice as likely to attempt a replacement clutch if their 
first nest was lost to an unpreventable disaster (probability ofreplacement clutch: 
pairs = 15%, n=63; trios = 28%, n=68), though this difference was not 
statistically significant (X,21=2.71; P=0.10). Group size did not affect the 
probability that a bird would be recaptured at the study site in the following year 
(females: X,21=0.09; P=0.77; males: X,21=0.47; P=0.49). 
Thus, the improvement in reproductive success of trios is predominantly 
due to (i) the larger first clutch laid by trio-females (mean first clutch: pairs = 
4.66; trios = 4.98; x21=3.83; P=0.05: which declined throughout the breeding 
season: x21=5.86; P=0.02), and (ii) the increased survival of hatchlings. The 
clutch size, number of hatchlings and number of fledglings were accurately 
known at 64 of the nests that managed to avoid predation and flooding. Brood 
reduction affected 57.8% (n=37) of these nests. The proportion of the brood that 
had been reduced (calculated as [hatchlings-fledglings] I hatchlings) was greater 
amongst pairs than trios (mean proportion of brood reduced: pairs= 0.31; trios= 
0.17: x21=4.03; P=0.045), and tended to be greater at nests that were initiated 
later in the season (X,21 =2.52; P=O. l 0). Birds nesting without auxiliaries were 
more likely to suffer complete brood failure than birds nesting i~ pairs (brood 
failure rate: pairs= 12.5%; trios= 1.5%: X,21=2.98; P=0.08). 
Brood reduction was most common amongst smaller, younger chicks in 
the brood: 66/75 (88%) victims of brood reduction were the smallest chicks in 
the brood. On average, the head-bill length of a dead chick was only 89.5 ± 2.5 
% the mean head-bill length of its surviving brood members (X,21=28.2; 
P<0.001). This analysis is probably confounded by the fact that the head-bill 
lengths of the dead chicks are likely to have been slightly reduced due to 
desiccation of the corpse. Further, the head-bills of the surviving chicks would 
have continued to grow in length (mean = 0.99 mm per day: C.R.J. Boland, 
unpublished data) after their sibs had died. However, since only very recently 
192 
Chapter eight: cooperative breeding biology of rainbow bee~eaters 
dead corpses were used in the analysis (see Methods) it is unlikely that this bias 
would be strong enough to cause the large discrepancy observed above. Indeed, 
the nature of the relationship does not change even if the head-bill length of each 
dead bird is increased by 3 mm, which represents 3 days of additional growth of 
head-bill length (X21=S.7; P=0.006). 
Chick mass was determined by several concurrent factors: the nest age I 
group size interaction (x21=19.2; P<0.001: Fig. Sa), hatch order (X25=12.1; 
P=0.03: Fig. Sb), and the rate of female mass loss (x21=9.l 1; P=0.003: Fig. 9a). 
Nests with a greater overall feeding ratehad a higher relative brood mass 
(x21=4.S5; P=0.03: Fig. 9b), and chicks from relatively heavier broods had 
correspondingly higher haematocrit scores (x21=4.Sl; P=0.03). Further, females 
that were losing weight returned fewer items to the nest (see Fig. 2), which was 
reflected in the total number of food items returned to the nest (i.e. by all group 
members combined: x21=2.6; P=O.l). Therefore, females that were unable to 
maintain their own weight also had relatively lighter broods (x21=6.16; P=0.01: 
Fig. 9a). Group size had little discernible effect upon relative brood mass 
(X21=1.50; P=0.22). In addition, brood size did not influence relative brood mass 
(X25=0.S3; P=0.53). 
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Table 1. The proportion of cooperative nests increases with colony size. 
Solitary Small Intermediate Moderate Large 
(1 nest) (2-8 (16 nests) (28 nests) (50 nests) 
nests) 
Colonies 48 6 1 1 1 
sampled 
Nests 48 24 10 27 71 
monitored 
Pair- 40 15 5 11 28 breeding 
nests 
Cooperative 8 9 
nests 
5 16 43 
% of nests 17 38 50 59 61 
cooperative 
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Table 2. Phenotypic differences (Means ± s.e.) between breeding adults from 
pairs and trios. 
Trait Pairs (n=) Trios (n=) x2 p 
Male wing length 114.9 ± 0.36 115.9 ± 0.35 4.02 0.045 (mm) (53) (57) 
Male body massa 29.1±0.27 29.7 ± 0.26 3.29 0.07b (g) (56) (59) 
Male blue under 0.82 ± 0.16 0.29 ± 0.15 5.76 0.02 gorget (index: 0-6) (51) (56) 
Male ornament intact c 52% 74% 6.23 0.01 (% of population) (28/54) (46/62) 
------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Female wing length 111.1±0.37 112.2 ± 0.37 
(mm) (53) (53) 4.01 0.045 
Female body mass a, d 28.0 ± 0.28 28.9 ± 0.27 
(g) (60) (67) 3.86 0.05 
Female condition 
-0.52 ± 0.28 0.33 ± 0.27 
(residual)e (58) (64) 4.81 0.03 
Female asymmetrf 0.50 ± 0.07 0.27 ± 0.06 (33) (35) 4.70 0.04 
a denotes mass at first capture 
b note marginal significance 
c there was no difference in the unbroken tail ornament length of pair-breeding 
and cooperative-breeding alpha males (x21=0.0; P=0.97) 
d when including the number of days since clutch initiation (REML: x21 =9 .67; 
P=0.002) 
e when including the number of days since clutch initiation (REML: x21=13. 7; 
P<0.001) 
r calculated as [left cheek stripe area - right cheek stripe area]2 I average ofleft 
and right cheek stripe areas 
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Table 3. Incubation effort by females, males and helpers in (a) pairs, and (b) 













Time spent in the 
nest(%) 
Females 




* 2.7 ± 0.43 
20.2 ± 2.43 
45.5 
Males Helpers 




4.0 ± 0.41 1.8 ± 0.46 
13.5 ± 2.35 10.7 ± 2.72 
45.1 18.9 
* denotes significant changes in reproductive behaviour in pairs and trios. 
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Table 4. The proportion of different food size classes returned to the nest. 
Numbers in parentheses refer to the number of nest visits in which the size of the 
returned food item was observed for that category of bird. 
Females (n=259) Males (n=240) Helpers (n=l 12) 
<15mm 65.4 47.5 60.7 
15-25 mm 15.7 21.7 28.6 
25-35 mm 18.9 28.8 9.8 
>35mm 0.0 2.5 0.0 
Table 5. The frequency of false feeds exhibited by females, males and helpers. 
Females Trio-males Pair-males Helpers 
Ate food itself 1 (0.1%) 4 (0.5%) 0 (0.0%) 2 (0.3%) 
Left with food 9 (0.8%) 10 (1.3%) 17 (4.4%) 22 (3.7%) 
Normal feed 1193 (99.2%) 741 (98.1%) 373 (95.6%) 568 (96.0%) 
Table 6. Reproductive success (mean ± s.e. fledglings produced) of pairs and 
trios. 
Pairs (n=) Trios (n=) xz p 
All nests 1.19 ± 0.20 1.91±0.2 5.84 0.02 (incl. disasters) (80) (69) 
Nests that 2.01±0.22 2.96 ± 0.3 
avoided 8.65 0.003 
disasters (45) (40) 
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a. 
Figure 1. Nest attendance behaviour of females, males and helpers showing (a) 
the duration of nest visits during the incubation, brooding and feeding phases of 
chick development, and (b) the rate of nest visits post-hatching. Data 
summarized from 27 nest attempts (12 pairs and 15 trios). 
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Figure 1. Cont. 
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Figure 2. The rate of nest visits by females during the nest attempt versus the 
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-0- Pairs 
-0- Trios (excl. helper feeds) 
-+-- Trios (incl. helper feeds) 
5 10 15 20 25 30 
Nest age (days since hatching) 
Figure 3. The frequency of nest visits during the chick growth phase amongst 
pairs and trios. Note that the rate of nest visits by the breeding pair in at 
cooperative nests is greater than the contribution by the breeding pair at non-
cooperative nests. The positive and negative error bars are removed from the 
curves for pair-breeding and trio-breeding nests, respectively, for presentation 
clarity. Data summarized from 27 nest attempts (12 pairs and 15 trios). 
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Figure 4. The interval between an individual's nest visits according to the size of 
the food item returned to the nest. Food items were sorted into four categories: 
size 1 = bees (< 15 mm); size 2 = moths, march flies (15-25 mm); size 3 = 
dragonflies (25:-35 mm); size 4 = large dragonflies (> 35 mm). The times 
required to return food sizes 2 and 3 are not significantly different from each 
other; the intervals between nest visits for all other food size categories differ 
significantly from each other. Figures above points indicate sample sizes for food 
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Females Males 
11 
16 5 14 
-0.5 -'---.----....-----.-..------r----.-----.-------r---..----
Incubating Brooding Feeding Interlude Incubating Brooding Feeding Interlude 
Nest stage 
Figure 5. The rate of mass change (grams per day) by females (closed circles) 
and males (open circles) at differing stages of the nest attempt. Incubating = on 
eggs; brooding = small, naked chicks; feeding = large, feathered chicks; interlude 
= period between successive nest attempts. The dotted line indicates the point at 
which adults are maintaining body mass. Figures above points denote the number 
of birds recaptured birds during each phase of the nest attempt. Each bird is only 
represented once. 
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Figure 6. The mass at first capture of females (closed circles) and males (open 
circles) (a) during the nest attempt, and (b) during the breeding season. The lines 
represent the modeled predictions for females (solid lines) and males (dashed 
lines). The positive and negative standard error bars are removed from the female 
and male data points, respectively, for presentation clarity. Date of first capture is 
a continuous variable, though it is presented here in discrete categories for 
clarity. Captures are grouped in 10-day intervals, centered on the date indicated 
below each point. Figures to the left of points denote sample sizes of female 
captures, while figures to the right of points denote sample sizes of males. 
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Figure 7. The relationship between mean volume of eggs in a clutch and the rate 
of mass change by the female during incubation. The line describes the· model 
prediction. 
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Figure 8. The mass of chicks according to (a) nest age, group size (pairs= open 
circles, dashed line; trios = closed circles, solid line), and (b) the hatch order in 
the brood. Residual body mass index refers to the residuals of a regression of 
chick weight versus age. Chicks with a residual body mass index above zero 
(denoted by the dotted line) are heavier than other chicks of the same age in the 
population. Figures above points denote sample size. 
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Figure 9. The relative brood mass (i.e. the brood mean of relative chick weights) 
versus (a) the predicted number of nest visits during the nest attempt, and (b) the 
rate of female mass change (grams per day) during incubation. 
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DISCUSSION 
Cooperative breeding and coloniality are a rare combination amongst birds. 
Thus, it is surprising that rainbow bee-eaters were more likely to breed 
cooperatively if they nested in larger colonies. Cooperative groups usually 
consisted of a breeding pair assisted by a male helper. Rainbow bee-eaters 
nesting in such cooperative trios enjoyed considerably higher reproductive 
success than pair-breeding birds. Helpers were able to lighten the female's costly 
incubation load, which may increase the likelihood that a female will lay a 
replacement clutch if the first nest is lost to predation or flooding. Moreover, 
helpers improved reproductive success by returning additional food to the chicks, 
thereby increasing the success of each breeding attempt. However, much of the 
increase in reproductive success by trios is a product of the higher quality of the 
breeding adults, rather than the relatively small amount of work performed by the 
helper. 
Load lightening of costly female incubation 
Female bee-eaters experienced a striking rate of mass loss during the nest 
attempt, particularly during the incubation phase. This pattern of mass loss is 
similar to that reported in nesting red-throated bee-eaters (Merops bullocki) 
where females, in particular, lose weight during incubation (Crick and Fry 1986). 
The loss of body mass during nesting has traditionally been interpreted as 
evidence of energetic stress suffered by the breeding bird, and there 1s 
convincing evidence that mass loss is costly in some species (e.g. Nur 1984; 
Martins and Wright 1993; Cucco and Malacarne 1997). However, it has also 
been suggested that mass loss is an adaptation to reduce the wing load (body 
mass/wing area: cf. Pennycuick 1989), thereby increasing flight efficiency during 
the period of maximal flight demand; that is, when chicks are being fed (Freed 
1981, Norberg 1981; Houston 1993). This 'wing loading hypothesis' has also 
received empirical support from a number of studies (e.g. Slagsvold and 
Johansen 1998; Kullberg et al. 2002). 
The wing loading hypothesis applies to species that (i) maintain a 
relatively high body mass during incubation, and (ii) experience the greatest 
reduction in body mass coincidental with the period of peak feeding demand (i.e. 
211 
Chapter eight: cooperative breeding biology of rainbow bee-eaters 
the middle to late nestling period: Moreno 1989; Kullberg et al. 2002), and 
therefore does not apply to rainbow bee-eaters. In this study, mass loss was 
confined predominantly to females, despite the fact that males provision chicks 
at a comparable rate. In addition, mass loss was most pronounced during the 
incubation phase, when the flight demands of birds were at their lowest, and was 
non-existent during the chick-feeding phase, when flight demands were far 
greater. 
Furthermore, the extent of mass loss was condition-dependent, with birds 
that laid smaller eggs (which therefore were presumably lower quality birds: cf. 
Pelayo and Clark 2003) losing mass more rapidly. In addition, elsewhere I have 
shown that pairs that nest on the edge of colonies are of lower quality than birds 
nesting toward the centre (Chapter nine), and in this study it was these edge-
nesting birds that lost more mass, despite the fact that they were closest to open 
feeding areas. Finally, females that were unable to maintain weight were unable 
to provision the brood at a high rate, and the relative mass of their brood suffered 
proportionately. 
Therefore, the declining condition of incubating female bee-eaters is 
evidence of an energetic constraint. Indeed, lightweight females that attempt a 
replacement clutch occasionally die in the nest from fatigue or starvation 
(Chapter three). High costs of incubation have been documented in a number of 
pair-breeding birds (reviewed in Moreno 1989; Thomson et al. 1998), though 
they have rarely been considered in cooperatively breeding species (Crick and 
Fry 1986; Heinsohn and Cockburn 1994). With the proliferation of techniques 
for measuring daily metabolic rates in free-living birds, it has recently become 
evident that birds work almost as hard during incubation as they· do during the 
chick rearing phase (Tatner and Bryant 1993; Thomson et al. 1998). In bee-
eaters, the metabolic costs of incubation may be somewhat ameliorated, as the 
nest burrows tend to remain around the thermo-neutral zone (White et al. 1978; 
Bryant and Hails 1983; Thomson et al. 1998). However, incubation confers 
additional costs, as it is inevitable that birds will lose condition in proportion to 
time spent away from foraging (Cresswell et al. 2004). 
Although females make fewer incubation visits than males, they stay in 
the nest for considerably longer periods. During each incubation bout the females 
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forgo self-foraging, and lose mass as a result. At the same time, males make 
shorter, more frequent visits, interspersed with regular foraging bouts, which 
evidently prevents significant mass loss. Indeed, males actually improve 
condition as the season progresses, most probably in preparation for migration 
(Berthold 1993). This raises the interesting question (which is beyond the scope 
of this study) of why do females perform significantly more incubation than 
males at such a cost to their body condition (Clutton-Brock 1991; Queller 1997)? 
In contrast, males and.females provision chicks at a more egalitarian rate. 
Birds appear to have sufficient time for self-feeding between nest provisioning 
bouts, because neither males nor females lost considerable mass at that stage. 
This pattern of costs, where males do not lose body condition during the 
nest attempt, whereas females lose most condition when incubating, is reflected 
in the pattern of load lightening at nests with helpers. Females significantly 
reduced the frequency of their incubation visits (but not their duration) when 
nesting with an auxiliary. Males, on the other hand, did not lighten their load 
with the luxury of a helper. Furthermore, there was no evidence for a lightening 
of the food-provisioning load by either parent in response to help. 
The reduced incubation burden on females at cooperative nests enab~ed 
trio-females to lose mass at a slightly lower rate than pair-females, although this 
relationship was quite weak. A corollary of the load-lightening hypothesis is that 
since breeders with helpers have expended less energy on their reproductive 
effort, they should be able to increase the number of breeding attempts per 
season, or enjoy greater survivorship (Crick 1992). There was some evidence to 
suggest that helpers may have enhanced the production of non-descendant kin by 
increasing the number of breeding attempts per season: trio-females were twice 
as likely to attempt a replacement clutch (although this relationship was only 
marginally significant). But it is doubtful whether this historically would have 
been an important determinant of reproductive success, because native species 
mete out only a low rate of nest predation (Chapter three). 
There was no evidence for an obvious difference in survival of dominants 
from pairs versus trios, though it must be stressed that the data are probably too 
scarce to demonstrate a relationship between reproductive effort and 
survivorship. This study was not specifically designed to examine survivorship, 
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and was unable to distinguish mortality from dispersal in this migratory species. 
In sum, while there is clear evidence that helper-assisted females are able to 
lighten their load, there are, at present, few data to determine whether this 
translates to improved reproductive success or survival. 
Cooperative enhancement of provisioning improved current reproductive success 
Trios produced significantly more fledglings than pairs. The superior 
reproductive success of trios was not due to enhanced predator detection or 
avoidance by virtue of living in a larger group (e.g. Boland 2003), because unlike 
some other cooperative species (e.g. Austad and Rabenold 1985; Woolfenden 
and Fitzpatrick 1990; Boland 1998), group size did not influence the rate of nest 
predation. As is the case for many cavity-nesting birds (Martin 1995), nest losses 
to native predators were rare (Chapter three). In contrast, predation by introduced 
species was high, with dingoes (Canis familiaris dingo) and, in particular, carie 
toads (Bufo marinus) destroying almost half of all nests (Chapter three). Bee-
eaters, regardless of group size, simply cannot prevent these largely nocturnal 
predators from destroying their nests. 
Instead, the enhanced productivity at cooperative nests was due to the 
greater food provisioning abilities of trios. Almost one quarter of all hatchlings, 
and more than a half of all nests, experienced brood reduction. All available 
evidence indicates that this brood reduction was a direct result of starvation (cf. 
Emlen and Wrege 1991). Bee-eaters excavate narrow tunnel-nests in which they 
lay and hatch their eggs asynchronously (Chapter three). This creates an ideal 
arena for chicks to contest food returns: observations of infra-red video 
recordings demonstrate that older, larger chicks are able to dominate the narrow 
tunnel entrance, thereby prohibiting younger, weaker chicks from gaining access 
to incoming food. As a consequence, the youngest, smallest chicks in the brood 
were disproportionately affected by brood reduction. These chicks were lighter 
than average for their age, and often appeared emaciated, even on simple visual 
inspection. Occasionally the entire attempt failed, with nestlings lost in a 
sequential order, from youngest to eldest. Furthermore, broods were heavier at 
nests with higher feeding rates. Therefore, as a result of their increased food 
supply, nests with helpers produced heavier chicks and healthier chicks (as 
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measured by haematocrit), which more often survived till fledging. Thus, 
cooperative groups were able to overcome the largest cause of preventable 
productivity losses affecting bee-eaters, nestling starvation. 
Brood reduction via starvation is a common feature within the Meropidae 
(reviewed in Chapter three), and possibly within Coraciiformes in general (e.g. 
' 
Nathan et al. 2001). While the adaptive significance of brood reduction is 
frequently debated, in rainbow bee-eaters the number of chicks in the nest did 
'not influence the relative weight of the brood, suggesting that brood reduction 
was a successful means of matching productivity to current food availability (e.g. 
Lack 1968). 
Confounding effects of group size and parental quality 
Reproductive success in rainbow bee-eaters was elevated at nests that had 
a helper, but how much of this superior productivity was due to the helper per 
se? In other words, is the reproductive output of cooperative nests partly inflated 
by confounding correlations with parental quality and/or territory quality? Since 
rainbow bee-eaters are migratory and therefore do not defend year-round 
territories, the potentially confounding effects of territory quality are essentially 
nullified. However, the study uncovered five lines of evidence that suggest that 
the male and female breeders in trios are higher quality birds than their 
counterparts at pair-breeding nests, which is likely to partly explain the enhanced 
output of cooperative nests. 
(i) Pair-adults and trio-adults have different phenotypes.- Both pair-
females and pair-males have different phenotypes to trio-females and trio-males, 
respectively. Trio-males are heavier birds, with longer wings. Since rainbow bee-
eaters pair assortatively according to both of these characters, they are likely to 
be symptomatic of quality (Chapter six). Further, pair-males have more of the 
'messy' blue feathering on the throat ('blue under the bib'), which is more 
typical of females and helper-males (Chapter two). This blue wash tends to cover 
the black gorget, which is an important status-signalling ornament in rainbow 
bee-eaters (alpha males have larger gorgets than helper-males, and birds pair 
assortatively according to the area of the gorget (Chapter six). Further, trio-males 
215 
Chapter eight: cooperative breeding biology of rainbow bee-eaters 
are more likely to have their elongated central tail feather ornaments still intact at 
first capture than are pair-males. Virtually all birds have intact tail ornaments 
when they arrive at their breeding grounds. However, the exaggerated tail 
feathers are sexually selected, aerodynamically costly traits: birds that retain the 
ornament lose body condition and are unable to produce as many red blood cells 
as birds that have lost their ornaments. Since there is little selective pressure to 
retain· the ornaments after pairing, birds systematically shed them. However, 
higher quality birds are able to retain their ornaments further into the breeding 
season (Chapter seven). Hence, the dual abilities of trio-males to maintain higher 
body mass than pair-males, whilst retaining their tail ornaments further into the 
breeding season, are significant correlates of their higher quality. 
Females also show several phenotypic differences between pair-breeding 
and cooperative-breeding nests. Much like pair-males, pair-females have shorter 
. . 
wings and reduced body condition. They also exhibit less symmetrical facial 
ornamentation than trio-females. Such asymmetries are argued to reflect the 
inability of an individual's genome to suppress intrinsic, random noise during 
development, and several reviews have discussed the relationship between 
fluctuating asymmetry and various indicators of fitness (see Swaddle 2003). The 
inability of pair-females to produce symmetrical azure cheek stripes during the 
winter moult suggests these females suffered greater developmental stress 
between moults than trio-females (cf. Shykoff and M0ller 1997). Thus, there are 
several significant differences in the morphology of pair breeding and 
cooperatively breeding adults, all of which suggest that the latter are of superior 
quality. 
(ii) Trio-males return larger food items than pair-males. - Males were 
more likely to return dragonflies to the J1est, and were the only individuals to 
return the food from the largest size category, albeit in low frequency. In 
contrast, females specialised upon bees, which comprised 65% of their food 
returns. Krebs and Avery (1984) noted that adult European bee-eaters (Merops 
apiaster) had a tendency to bring a mixture of large and small prey items to the 
nest, even though central place foraging models indicated that it is energetically 
more profitable for bee-eaters to ignore small prey (Krebs and Avery 1985). The 
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chicks of free-living European bee-eaters were brought into the laboratory for 24 
hours and fed a diet of bees, dragonflies, or a mixture of the two. Mean growth 
efficiency was highest amongst offspring fed an even mixture of bees and 
dragonflies (Krebs and Avery 1984). The fact that significant differences in 
growth rate were detected across a range of chick ages after only 24 hours, 
suggests that the benefits of a mixed diet are particularly high. Hence, the 
foraging specialisations of male and female bee-eaters may serve to maximise 
the growth efficiency of chicks. 
Selander (1966) proposed that differences in feeding ecology between 
males and females can lead to diversifying selection acting upon the bill 
morphology of the sexes (Selander 1966; Slatkin 1984). To date, conclusive 
evidence for intersexual niche separation has only emerged from studies of birds 
that exhibit extreme bill dimorphism (e.g. Temeles et al. 2000; Gonzales-Solis et 
al. 2000; Radford and du Plessis 2003). In rainbow bee-eaters, while males 
generally have larger bodies than females, the most sexually size dimorphic 
morphological trait is bill length, which is 6% larger in males than females 
(Chapter two). Thus, the particularly large bills of males could conceivably 
facilitate their more frequent manipulation of large prey items. 
Dragonflies, being predatory, generally occur in much lower densities 
than bees. Hence, birds that delivered these larger, less common prey items to the 
nest usually spent more time between feeding bouts. Since males are chiefly 
'responsible' for returning larger items to the nest, this may be one factor 
explaining why males visit the nest less frequently than females, particularly 
later in the nest attempt when the birds return larger prey items. 
Given (i) the tendency of females to specialise upon bees, and (ii) the 
importance of a mixture of bees and dragonflies for the growth efficiency of 
chicks, then the relative inability of pair-males to find and return larger prey 
items is likely to have negative consequences for the health of the brood, and 
may be a significant factor explaining the reduced reproductive success of pairs. 
(iii) Pair-males were more likely to false feed than trio-males.-
Systematic false feeding by provisioning adults was first documented in white-
winged choughs (Corcorax melanorhamphos: Boland et al. 1997b; Boland 2004) 
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and has since been reported to occur in a number of cooperative species, 
including laughing kookaburras (Dacelo novaeguinea: Legge 2000b ), carrion 
crows (Corvus corone corone: Canestrari 2003), grey-crowned babblers 
(Pornatostornus ternporalis: C. Blackmore, pers. comm.) and meerkats (Suricata 
suricatta: Clutton-Brock et al. in press). Although the precise context in which 
. the behaviour occurs varies between species, in each case, individuals that false-
feed are either less motivated to feed, or are under greater energetic stress. For 
example, in white-winged choughs, younger, nutritionally stressed helpers are far 
more likely to false feed than same-aged birds provided with supplementary food 
(Boland et al. 1997b). In rainbow bee-eaters, females almost always successfully 
transferred food to the nest, whereas pair-males and helper-males were most 
likely to false feed. Helpers are lower quality birds than breeding males {less 
ornamented, and in poorer body condition, despite having similar body sizes: 
Chapter two), and hence were more likely to false feed. Pair-males, which false 
fed at about the same rate as helpers, were more than twice as likely to false feed 
than trio-males. This cannot be because the chicks were rejecting the food 
brought to the nest, since chicks in pair-nests are in worse body condition and 
more frequently die from starvation than chicks in trio-nests. Pair-males are less 
motivated to feed than trio-males, and the lower body condition of pair-males 
would suggest that this is because they are under greater energetic stress. 
(iv) The breeding pair deliver more food to cooperative nests. - One of the 
most telling examples of the difference in quality between pair-breeding and trio-
breeding adults relates to their nest feeding rates: in combination, pair-males and 
females returned less food to the nest than trio-males and females (that is, even 
when excluding the food brought to the nest by the helper). Brood size was not 
found to be a significant factor determining feeding frequency in any multi-
variate model. Thus the increase in provisioning rate by trios was not simply due 
to an elevated level of demand: to the contrary, brood size changed in response to 
provisioning rate. Instead, since parental investment is condition-dependent 
(Clutton-Brock 1991), pair-breeding birds were simply less capable of bringing 
sufficient food to the nest. 
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Alternatively, trio-adults may have been able to provision at a higher rate 
because these birds had additional surplus energy, after the incubation load had 
been lightened by the work of the helper. This alternative is certainly possible; 
for example, Russell et al. (2003) recently demonstrated that cooperative 
meerkats are able to adjust their post-incubatory behaviour to compensate for the 
amount of work they did during incubation. Similarly, in pair-breeding species, 
experimentally reducing incubation costs (by heating the nest box, or providing 
supplementary food) enables females to increase their daily incubation effort 
(Bryan and Bryant 1999; Eikenaar et al. 2003). However, this alternative is not 
' supported because the increase in provisioning rate by bee-eaters was the result 
of the combined feeding efforts of males and females, and males did not lighten 
their load during incubation. While female feeding rates correlated with their 
rates of mass change during incubation, no such relationship was found in males. 
The most plausible explanation for the increase in provisioning by trio-
adults is that pairs with helpers are higher quality parents. This result was 
unexpected because in several observational and experimental studies, breeders 
have been noted to reduce their provisioning effort when helped (e.g. Hatchwell 
and Russell 1996; Hatchwell 1999; Legge 2000b). For example, in long-tailed 
tits Aegithalos caudatus the care of helpers increases the overall provisioning 
rate, even though the parents themselves visit less frequently (Hatchwell and 
Russell 1996; Hatchwell 1999). In this way, parents gain some load-lightening 
benefits, as well as an increase in corporate provisioning rates. I know of no 
other study where an increase in parental provisioning rates with increasing 
group size has been reported. However, the presence of helpers has sometimes 
been demonstrated to cause a disproportionately large improvement in 
reproductive success. For example, in white-fronted bee-eaters (Merops 
bullockoides), reproductive success is doubled by the addition of a single helper, 
despite the fact that the auxiliary provisioned at less than 80% of the capacity of 
a single adult, and did not affect other reproductive parameters such as clutch 
size or predator avoidance (Emlen and Wrege 1991). Similarly, in rainbow bee-
eaters, the addition of one helper increased the overall amount of food delivered 
to the nest by 27%, but increased productivity by 50%. The evidence presented 
here suggests that much of the improvement inreproductive success is due to the 
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quality of the breeders. Perhaps this phenomenon 1s more common than 
previously recognised. 
(v) Trio-females lay larger clutches.- Trio-females laid significantly 
larger clutches than pair-females. The difference in clutch size between trios 
(4.98 eggs) and pairs (4.66 eggs) was statistically significant, but not, in itself, 
capable of explaining the larger difference in fledging success between trios 
(2.96 fledglings) and pairs (2.01 fledglings). 
Clutch size has been regarded as an important quality indicator in birds 
ever since Lack (194 7) suggested that the number of eggs produced reflects the 
maximum number of offspring that the parents are capable of providing for (e.g. 
Tinbergen and Both 1999; Hanssen et al. 2003). Clutch size has been 
demonstrated to be symptomatic of parental quality in a number of both 
observational (e.g. de Steven 1980; Lepage et al. 1998) and experimental studies 
(Pettifor et al. 1988, 2001). In rainbow bee-eaters, clutch size is significantly 
lower in second attempts, and declines as the season progresses (Chapter three). 
Furthermore, more ornamented females (i.e. those with more extensive black 
gorgets) lay larger eggs (Chapter six). In other words, in this species clutch size 
co-varies with a number of parameters, all of which suggest that larger clutches 
are indicative of birds in better condition. Hence, the fact that trio-females lay 
larger clutches than pair-females once again suggests that trio-females are better 
quality birds. 
Thus, five strands of evidence suggest that the breeding adults at 
cooperative nests are of higher quality than their pair-breeding counterparts. 
Although some of these parameters will have a more direct impact upon 
reproductive success than others (e.g. enlarged clutch size), all of them could 
conceivably confound the relationship between group size and productivity. But 
how could this confounding relationship between parental quality and group size 
exist in a migratory species? 
Why are cooperative-breeding adults higher quality than pair-breeding adults? 
It is unusual to find a species like the rainbow bee-eater that is both 
migratory and cooperative. This is because cooperative breeding usually requires 
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the formation of extensive, relatively long-term bonds between breeders and 
helpers (Brown 1987), and in most migratory species the adults abandon their 
offspring soon after fledging (Berthold 1993). However, the. scant available 
evidence suggests that migratory bee-eaters do in fact maintain year-round bonds 
with their offspring. Rainbow bee-eaters continue to feed their chicks for several 
weeks after fledging (Morris 1977). Moreover, they carry on feeding their chicks 
during the autumn migration (Mathews 1918), at least 10 weeks after fledging. In 
addition, European bee-eaters (Merops apiaster), which have a similar life 
history to rainbow bee-eaters (Chapter three), feed their chicks at their winter 
quarters (Robinson and Robinson 1975: though next to nothing is known about 
this facet of rainbow bee-eater life history). Finally, rainbow bee-eaters maintain 
social cohesion on their return migration, often travelling in trios (Garnett 1984), 
which quite conceivably are the trios that comprise cooperative nests. The social 
cohesion amongst group members is further manifest as a high level of inter-
annual social monogamy between breeding pairs: about 90% of pairs remain 
intact over successive years, which is remarkably similar to the rates of social 
monogamy documented for sedentary bee-eaters (Chapter three). 
This evidence suggests that the offspring of rainbow bee-eaters remain 
associated with their parents for over a year, and that the transition to. foraging 
independence is unusually long for a migratory bird. I suspect this long transition 
arises from the difficulties in learning to capture aerial prey, because young birds 
(helpers) are underweight (Chapter two). Variation in parental ability to fledge 
chicks is likely to correlate with their ability to care for them as juveniles. While 
this has not been tested in the Meropidae, a similar relationship has been 
documented in white-winged choughs, where juveniles with a high number of 
helpers have a better chance of surviving their first year (Heinsohn 1992). In bee-
eaters, if high quality parents have a better chance of supporting their offspring 
throughout the non-breeding season, then these high quality parents would have 
a better chance of having a helper at the nest, which would manifest as the 
correlation between parental quality and.group size documented in this study. 
Why are there more cooperative nests in colonies? 
The Meropidae are unusual in that they often combine cooperative 
breeding with coloniality (Emlen 1990; Fry 2001; Chapter three). Cooperative 
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breeding is rarely observed amongst colonial birds, possibly because colonial 
species do not inhabit all-purpose territories and rarely develop extended social 
bonds, both of which 'typify' cooperation (Emfon 1990). Conversely, in rainbow 
bee-eaters cooperative breeding is more prevalent amongst larger colonies. Birds 
nesting in large colonies (e.g. 50 nests) enjoy the benefits of group mobbing, 
which effectively staves off predation attempts by lace monitors (Varanus 
varius: Chapter nine), the most significant native predators of rainbow bee-eater 
nests at Cooloola National Park (Chapter three). As a consequence, larger 
colonies represent 'safe havens' for nesting. Bee-eaters compete for entry into 
the colonies, resulting in a despotic distribution of phenotypes: higher quality 
(i.e. larger, more ornamented) birds nest colonially, while smaller, lower quality 
birds are forced to nest solitarily (Chapter nine). Thus, cooperative groups (with 
the benefit of a helper and two high-quality adults) may be better able to acquire 
a territory within the larger colonies at the expense of pair-breeding birds, which 
would lead to the positive correlation between colony size and the prevalence of 
cooperative nests observed in rainbow bee-eaters. Further, the higher quality 
birds nesting in colonies enjoy greater reproductive success than birds nesting 
solitarily (Chapter nine). If these high quality birds are better able to support 
their offspring during the non-breeding season (as suggested above), then the 
superior birds nesting in colonies would be more likely to have helpers than their 
solitary-nesting rivals. 
Conclusions 
Helpers at the nests of rainbow bee-eaters provide two benefits to 
breeders; (i) helpers incubate the eggs, enabling females to lighten their 
incubation load, which is a particularly costly phase of reproduction for the 
female, and (ii) helpers provide additional food to the nest. The helpers may gain 
indirect fitness benefits from both aspects: (i) there is some evidence to suggest 
that trio-females are more able to replace nests lost to predators during 
incubation, and (ii) additional food greatly improves the condition and survival 
of the brood. Of course, the helpers may also obtain direct fitness benefits from 
helping, although these were not examined in this study. While reproductive 
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success is considerably higher at nests with helpers, much of this success can be 
attributed to the fact that pairs with helpers are, themselves, higher quality birds. 
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ON PHENOTYPIC QUALITY AND REPRODUCTIVE 
SUCCESS IN RAINBOW BEE-EATERS 
Chapter nine: effects of coloniality in rainbow bee-eaters 
ABSTRACT 
Within Cooloola National Park, rainbow bee-eaters (Merops omatus) build their 
nest tunnels in colonies wherever suitable habitat (bare, firm sandy soil) occurs. 
Colony size (from 1-50 active nests) is dependent upon the area of open ground. 
Birds nesting solitarily were 7 times more likely to lose their nests to lace 
monitors (V aranus varius), which were their most significant native nest 
predator. Competition to nest in larger colonies ('safe havens') ensured that. 
higher quality birds (more ornamented, with larger head-bills) nest within the 
larger colonies, resulting in further enhancement of reproductive success. Low 
quality birds nested in small colonies or solitarily, either because they were 
despotically excluded from the larger colonies, or because they chose to nest in 
smaller colonies to avoid the costs of competing against high quality birds. Birds 
nesting in larger colonies were more likely to remain faithful to their colony 
between years. Larger and more experienced birds tended to nest closer to the 
centre of the largest colony, which provided additional protection from lace 
monitors. However, the large numbers of birds nesting within the largest colony 
depleted the local food resources, causing adults to return significantly fewer 
and smaller food items to the nest, resulting in lighter broods with decreased 
chick survival. As a product of these opposing pressures, reproductive success 
was greatest within colonies of intermediate size (containing 16-28 active nests). 
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INTRODUCTION 
Colonial nesting, where individuals breed within relatively densely distributed 
nesting territories that contain no resources other than nest sites, occurs in about 
14% of bird species worldwide (Lack 1968). Coloniality is interesting from an 
evolutionary perspective, since breeding in close proximity to conspecifics 
entails several costs (for reviews see Wittenberger and Hunt 1985; Siegel-Causey 
and Kharitonov 1990; Brown and Brown 1996). For example, nesting socially 
can increase the likelihood or severity of (i) diseases and parasites (M0ller 1987; 
Brown and Brown 1996), (ii) cuckoldry (M0ller and Birkhead 1993; Westneat 
and Sherman 1997) and intraspecific brood parasitism (Hotker 2000), (iii) 
intraspecific competition (M0ller 1987), and (iv) cannibalism and infanticide 
(Wittenberger and Hunt 1985). Despite these costs, phylogenetic analyses 
indicate that coloniality has evolved at least 20 times in birds (Rolland et al. 
1998), which suggests that these costs are frequently outweighed by potential 
fitness benefits (Siegel-Causey and Kharitonov 1990), such as (i) access to 
favourable breeding sites (Hom 1968), (ii) enhanced foraging efficiency (Ward 
and Zahavi 1973; Richner and Reeb 1995; Brown and Brown 1996), (iii) greater 
protection from predators (Lack 1968; Wittenberger and Hunt 1985; Anderson 
and Hodum 1993; Clode 1993), and (iv) easier access to breeding partners 
(Wagner et al. 1996; Danchin and Wagner 1997). 
The balance between the fitness costs and benefits of group living can 
vary between colonies of differing sizes in a species-specific way. For example, 
in many species larger colonies typically experience reduced predation 
(Wittenberger and Hunt 1985), yet in other cases the reverse is true, because 
some predators are actually attracted to the greater prey base of larger colonies 
(Tinbergen et al. 1967; Andersson and Wiklund 1978; Siegel-Causey and 
Kharitonov 1990; Chapter five). 
Therefore, the relationship between colony size and lifetime reproductive 
success is also species-specific, though it usually falls within one of four broad 
categories (Brown et al. 1990). Mean productivity can be (i) positively correlated 
with colony size (Wittenberger and Hunt 1985; Hotker 2000; Serrano et al. 
2003), (ii) negatively correlated with colony size (Pienkowski and Evans 1982; 
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Shields and Crook 1987; Hoi et al. 2002), (iii) unrelated to colony size (eg Snapp 
1976; Snyder et al. 1989), or (iv) highest at intermediate colony sizes (Hunt and 
Hunt 1976; Parsons 1976; Wiklund 1982; Gotmark and Andersson 1984; Brown 
and Brown 1996). Hence, while the relationship between colony size and mean 
lifetime reproductive success can vary dramatically between species, it 
nonetheless usually varies predictably within a species. Therefore, one of the 
most perplexing aspects of coloniality is that within each species many birds nest 
in colonies of a size that are likely to return sub-optimal reproductive success 
(Brown et al. 1990). 
There are two likely explanations why birds would nest in colonies of 
apparently sub-optimal size, both of which rely upon the existence of 
competitive asymmetries between individuals. Some birds either (i) are 
physically excluded from optimally sized colonies ('ideal despotic distribution': 
Fretwell and Lucas 1970; Fretwell 1972), or (ii) prefer to nest away from optimal 
colonies to avoid the costs of competing with dominant individuals ('phenotype-
based colony choice': Jones 1987; Brown and Brown 1996, 2000, 2001). First, 
the ideal free distribution model assumes that birds have been selected to prefer 
to breed in optimal habitat, but will move to marginal and unsuitable habitats 
when high quality areas are saturated (Fretwell and Lucas 1970). However, ideal 
free distribution can be disrupted if the number of available nest sites limits a 
species' distribution, and competitive asymmetries exist between individuals. If 
these conditions exist, then dominant birds will be able to secure the highest 
quality territories at the exclusion of others, forcing less able competitors into 
lower quality habitats, thereby establishing an ideal despotic distribution 
(Fretwell 1972; Parker and Sutherland 1986). Therefore, this model predicts that 
the quality of habitat controlled by territorial animals should vary depending on 
their competitive ability and the availability of resources. 
An ideal despotic distribution has been documented m a number of 
species that defend all-purpose territories (eg Tome 2003; Zimmerman et al. 
2003), but less often in colonial species, perhaps because it is more difficult to 
see how individuals could prevent others from joining a colony. The best 
examples are of yellow-rumped caciques (Cacicus cela) and lesser kestrels 
(Falco naumanni). Caciques are polygynous, and aggressive and more dominant 
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females in large colonies exclude other females from particular sites (Robinson 
1986), causing the subordinates to settle in smaller colonies or as solitaries, 
where they are more likely to suffer nest predation (Robinson 1985). Similarly, 
dispersing lesser kestrels are attracted to colonies by the presence of 
conspecifics. However, beyond a threshold colony size, the dominant adults 
despotically prevent individuals from joining their high quality colony by 
attacking yearlings and newcomers that come to the colony in search of a nest 
hole or mate (Jakobsson 1988; Serrano et al. 2003; see also Hotker 2000). 
Alternatively, since variation in colony size may affect individuals 
differently, depending on age, status, or quality (Pulliam and Caraco 1984; Jones 
1987; Brown and Brown 1996), individuals should sort themselves to maximise 
their own expected fitness (Parker and Sutherland 1986; Ranta and Lindstrom 
1990; see Widemo and Owens 1995 for a similar argument relating to leks ). In 
other words, rather than being forced out of optimal habitat, subordinates may 
actually prefer to nest in low quality territories. For example, younger seabirds 
breeding for the first time have poor success when contesting for nest space with 
older birds within a colony, and frequently lose some of their offspring to 
cannibalistic attacks from older residents (Wittenberger and Hunt 1985). Perhaps 
to avoid this, many younger, novice breeders nest elsewhere in smaller colonies 
(Erwin et al. 1981). In contrast, in cliff swallows (Hirundo pyrrhonota), younger, 
inexperienced foragers choose to nest in larger colonies because they require the 
benefits of social foraging, but they suffer the added costs of high parasite load 
(Brown and Brown 1996). 
The two processes that can result in phenotypic variation across colonies, 
that is the ideal despotic distribution and phenotype-based colony choice, could 
also be important in determining the location of nest sites within a colony. For 
example, nests at the edge of colonies often experience reduced nesting success 
(eg Robinson 1986), typically because of increased predation (Wittenberger and 
Hunt 1985). Therefore, since individuals can vary in their ability to compete for 
safer nest sites within colonies (Robinson 1986), lower quality birds may be 
forced to the edge of colonies, or they may choose to nest at the colony perimeter 
in order to reduce the intensity or frequency of aggressive interactions from 
dominant birds. 
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Considering the large number of studies that have explored the 
relationship between colony size and reproductive success, relatively few have 
documented variation in phenotypic characteristics between and within colonies 
of different size (Brown and Brown 1996). The effects of coloniality on the 
phenotypic quality and reproductive success of rainbow bee-eaters (Merops 
ornatus) are investigated here. Rainbow bee-eaters are migratory, facultative 
cooperative breeders (Chapter three). They arrive in Australia during the austral 
spring to nest either solitarily or in small, loose aggregations usually containing 
less than 50 nests. Coloniality in this species. appears to be brought about by nest- · 
site limitations. These birds excavate their 70-180-cm tunnel-nests in sparsely 
covered ground, wherever the sandy soil is sufficiently firm that it can be 
hollowed to form a stable nest cavity. The birds are opportunistic in their nest 
site selection, nesting in any aspect that provides access to a suitable substrate. 
Thus colonies, with nests spaced about 15 m apart, form wherever these 
conditions arise, with the size of the colony being directly proportional to the 
amount of available, cleared ground. The same areas are used annually, and 
contain a similar number of nests each year (Chapter three). If a new area 
becomes cleared, for example as a result of bushfire, then the new breeding sites 
are utilised. Unlike many other colonial species (eg white-fronted bee-eaters M 
bullockoides: Emlen 1990), it is rare to find apparently suitable breeding habitat 
that is not exploited by rainbow bee-eaters. Interestingly, similar species within 
the Meropidae often nest in much higher densities than rainbow bee-eaters. For 
example, in European bee-eaters (M apiaster) median nearest-neighbour 
distances range from only 1-4 m (Lessells et al. 1994), while the nests of carmine 
bee-eaters (M nubicus), rosy bee-eaters (M malimbicus)and red-throated bee-
eaters (M bullocki) are often only 20 cm apart (Fry et al. 1992). Thus it is 
pertinent to ask why do rainbow bee-eaters nest in much lower densities within 
each colony? 
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METHODS 
Study Site and Species 
The study was conducted from August 1997 to February 2001 within 
subtropical Cooloola National Park (26° OO'S, 153° 02'E), southeast Queensland, 
Australia. The vegetation within the 56,000-hectare national park forms a collage 
of rainforest, dry sclerophyll forest and open heath (see Chapter three for further 
details). 
Rainbow bee-eaters (29-g Coraciiformes) breed throughout much of 
mainland Australia and some parts of New Guinea (Peckover and Filewood 
1976; Blakers et al. 1984). They arrive in Australia in September and lay their 
single clutch of 2-7 eggs at some stage between late September and December. 
Hatchlings emerge after 22-31 days of incubation, and chicks fledge 24-36 days 
after hatching. Birds that lose their first nest to predation or flooding early in the 
attempt occasionally produce a second clutch (Chapter three). Bee-eaters at 
Cooloola National Park nested either as pairs or with the aid of a single auxiliary 
(Chapter eight). 
Nest sites 
From late August each year, areas of open sclerophyll forests and 
heathlands were regularly inspected for evidence of nest excavation. Once a nest 
was found, the area around the nest was thoroughly searched for the presence of 
other bee-eater nests. As the nests and birds are very conspicuous and always 
located in open areas it is very unlikely that any nest within a particular area 
remained undetected. Nests that had no other active bee-eater nests nearby 
(within at least 500 m) were classified as 'solitary' nests. A nesting area was 
considered to be a 'colony' if two or more active nests were found in close 
proximity (i.e. less than 50 m away from another nest). Nests located 50-500 m 
away from another nest were excluded from the study. A selection of colonies 
ranging in size from 1 to 50 simultaneously active nests was chosen for study 
(Table 1 ). This represents close to the full range of colony sizes recorded for this 
species (Blakers et al. 1984; Fry 2001). For the purposes of this study, solitary 
nests are often referred to as a 'colony' of one nest. If a site was found to contain 
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bee-eater nests in one season, then that site was checked each year for the 
presence of new nests. 
The depth of each nest was measured to the nearest centimetre by gently 
inserting a calibrated, linear length of dowel into the nest until it touched the rear 
wall of the nest chamber. At the end of the breeding season, the latitudinal and 
longitudinal distance of each nest from a fixed reference point within each 
colony was measured and all nest locations were plotted on a scale map. The 
largest colony was sufficiently dense that nests could be categorised as 'edge 
nests' or 'central nests' (i.e. non-edge) depending on their location. 
Trapping and handling 
Adult birds were captured inside their nest by placing a simple hoop net 
directly over each nest entrance. Trapping was conducted post-laying to 
minimize nest disturbance. A numbered, aluminium leg band was fitted to all 
captured adults (n=351). Rainbow bee-eaters cannot be reliably sexed on the 
basis of plumage or morphological measurements (Chapter two). Therefore a 
small blood sample (20-150 µL) was taken from the brachial vein of each bird to 
determine sex using a polymerase chain reaction technique (Griffiths et al. 
1998). Measures of body mass (to nearest 0.1 g), head-bill length, tarsus length, 
tail ornament length (to 0.1 mm), wing length and outside tail feather length (to 1 
mm) was taken from most captured birds. Adult body condition was estimated as 
the residuals of the regression between body weight and head-bill length (Brown 
1996). 
Any individual captured more than once during the breeding season was 
re-weighed to determine if body mass had changed in the interim. Because birds 
were recaptured at varying intervals, mass change was calculated as a rate ([mass 
at T 2 - mass at Ti] I number of days between capture, where T denotes the date 
of capture). Only birds recaptured at least five days since the date of their first 
capture (n=l 79) were included to overcome any small-scale mass perturbations 
(for more details see Chapter eight). 
To gain access to nest contents a hole was charily excavated into the back 
of the nest chamber. The length and breadth of each egg from 30 clutches were 
measured to the nearest 0.1 mm to provide an estimate of egg volume (calculated 
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as 0.00051 x length x width2: Hoyt 1979). The mass (to 0.1 g) and head-bill 
length (to 0.1 mm) were obtained from the chicks at 114 broods at various stages 
of nest development. A single, numbered, aluminium leg band was fitted to 
nestlings over 12 days old. In order to compare the relative condition of chicks 
between broods, the variable 'relative mass' was determined from the residuals 
of the regression of nest age versus chick weight. Thus, chicks that are heavier 
· than other chicks of a similar age obtain positive scores, whereas chicks that are 
lighter than others their age obtain negative scores. To avoid pseudoreplication, 
the relative masses of all chicks in a given brood were averaged to provide a 
measure of the relative mass of each brood (i.e. 'relative brood mass'). The eggs 
or chicks were returned to the nest via the access hole, which was then sealed off 
with a plastic plate, and back-filled with the original sand. The birds always 
resumed nesting activities soon after, with no evidence of nest desertion 
emerging from this procedure. The plastic plates were recovered at the end of 
each breeding season. 
Nest monitoring 
The activity of 432 nest attempts over four breeding seasons was 
monitored using a purpose-built 'burrowscope': Jhat is a miniature (16x22 mm) 
video camera lens mounted on the end of a length of flexible conduit with a live 
feed to a television monitor (Appendix one). This system enabled the 
identification of important nest events ( eg clutch initiation, clutch size, hatching, 
fledging and predation) to be determined accurately, rapidly, and with minimal 
interference to the birds (Appendix one). Rainbow bee-eater chicks fledge about 
29 days after hatching (Chapter three). Fledging success was taken as the number 
of nestlings present on the final visit to the nest (around Day 24) provided there 
was no subsequent nest predation (brood reduction rarely occurred after Day 24). 
Rainbow bee-eaters nesting at Cooloola National Park suffer productivity 
losses primarily as a result of hatch failure, chick starvation, nest 
flooding/collapse, or nest predation (Chapter three). Nest predation events were 
easy to identify because of the distinctive strategies of the various nest predators. 
Predation was ascribed to (a) monitor lizards Varanus varius, if the entire nest 
tunnel had been bored out to a height of 10-15 cm and a width of 15-20 cm; (b) 
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yellow-footed antechinus Antechinus flavipes, if either the mammal or partly 
consumed remains of bee-eaters were found in the nest using the burrowscope; 
( c) dingoes Canis lupus dingo, if the entire nest had been exhumed or if paw 
marks were visible around the nest entrance (Chapter five); or (d) cane toads 
Bufo marinus, if the toad was found inside the nest using the burrowscope 
(Chapter four). 
Reproductive success was monitored in the first three breeding seasons 
(1997/98-1999/2000), but not in the fourth (2000/01) as research priorities 
altered. The amount of information extracted from each nest varied, 
predominantly because a large proportion of nests were lost to predation 
(Chapter three). 
Focal nest watches 
Twenty-seven nests were chosen for focal nest watches. Nests were 
selected to give a reasonably balanced sample of nest watches from colonies of 
differing size, and from an even mixture of pairs and trios (Table 2). Focal nests 
were filmed from video cameras mounted near the nest (see Chapter eight for 
details). Nests were filmed for three hours (but only the last two hours of tape 
were scored) at roughly five-day intervals, from incubation to fledging. Filming 
began at random times between the hours of 06:00 and 15:30 hr. Nest behaviour 
was not recorded during periods of persistent rainfall. No humans were present 
during filming. Video data was converted into digital format for scoring. Birds 
appearing in focq.l watch movies were individually identifiable via the presence 
or absence of leg bands, and/or, individual plumage characteristics. The rate and 
duration of nest visits were scored for each individual. Furthermore, whenever 
possible (i.e. if not obscured by the bird's body), the size of the single food item 
returned to the nest was· categorised into four size classes, estimated by 
comparison with the size of the bill: (i) up to the size of a honeybee: < 15 mm, 
(ii), the size of a moth or march fly: 15-25 mm, (iii) the size of a dragonfly: 25-
35 mm, (iv) a large dragonfly: > 35 mm. 
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Statistical analysis 
A statistical modelling approach was used to consider environmental and 
demographic effects that might affect reproductive parameters. Mixed models 
were fitted using the residual maximum likelihood (REML) and generalised 
linear mixed model (GLMM) procedures in Genstat 5.1 (Genstat Committee 
1993) incorporating 'colony name' as a random effect (to account for any 
potential dependence associated with multiple sampling from within colonies), as 
well as the fixed effects of potential interest. When analysing nest attendance 
behaviour, a random structure was utilised where the identity of the brood was 
nested with the identity of the colony. 
To assess the significance of variables, full fixed models were initially 
fitted that contained potentially explanatory variables and their interaction terms. 
Final models were selected after progressively eliminating non-significant 
(P>0.05) interaction terms, and then non-significant main effects, until only 
significant terms remained. Terms discarded early in the model were re-
evaluated by observing the change in deviance when adding them to the final 
model (none were significant). 
Variables of interest included year, colony size, nest aspect (flat ground 
or steep surface) group size (pair or trio), clutch initiation date, clutch size, 
whether the birds attempted a replacement clutch, as well as each of the 
morphological variables described above. Several morphological variables were 
correlated (for example, tail length and wing length: see (Chapter two), and 
therefore were added to each model separately. 
A histogram of residuals, a scattergram of residuals versus fitted values 
and a normal probability plot of residuals were examined for unequal variance 
and deviance from normality to verify the validity of all final, parsimonious 
models. All significant results presented are those predicted from models 
containing only significant terms. In cases where non-significant main effects are 
presented, the statistics refer to the results of dropping the term of interest from 
the final model plus the non-significant term. 
Colony size was initially treated as a continuous variable. This variable 
was square root transformed to minimise the statistical leverage caused by the 
single large colony. However, in several instances, exploratory data analysis 
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revealed curvilinear responses to colony size. In these situations, colony size was 
treated as a categorical variable (in which colonies of 2-8 nests were pooled into 
the single category 'small colonies'). In analyses pertaining to focal nest 
watches, there were too few data to spread across all colony sizes. Therefore 
colony size was treated as a discrete variable containing two categories: 'smaller 
colonies', containing 1-8 nests, and 'larger colonies' containing 16-50 nests. 
Colony size is back-transformed and presented as a discrete variable for 
presentation. Means and standard errors are presented throughout, unless 
otherwise stated. 
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Table 1. The distribution of colony sizes used in the study. 
Colony size (number of Number of sites sampled Number of nests sampled 
active nests) a 
1 45 92 
2 8 12 
3 5 8 
5 1 7 
6 2 17 
8 1 30 
16 1 37 
28 1 57 
50 1 172 
Total 65 432 
a Nest localities were sampled over multiple years. 
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Table 2. The distribution of focal nests observed in the study. 
Pairs Trios 
Solitary nests 2 2 
2-8 nests 2 2 
16 nests 2 2 
28 nests 2 3 
50 nests 4 6 
Total 12 15 
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RESULTS 
Predation rates 
When all nests are considered, nests were less likely to suffer predation 
from lace monitors (GLMM: x21=11.1; P<0.001), but more likely to suffer 
predation from dingoes (GLMM: x21=10.7; P=0.001), as colony size increased 
(Table 3). Cane toads preyed upon nests at a high rate, and antechinus at a 
relatively low rate, regardless of colony size (GLMM: x21=2.78; P=0.95). As a 
result of the contrasting effects of these different predators, the overall rate of 
nest predation was not significantly affected by colony size (GLMM: x21=1.38; 
P=0.24). 
When nests lost to exotic species were excluded from analyses, the strong 
negative correlation between colony size and the rate of nest predation by lace 
monitors remained (GLMM: x21=14.l; P<0.001), while a much subtler positive 
correlation emerged between colony size and antechinus predation (GLMM: 
x21=4.15; P=0.04). This latter relationship, however, is probably spurious, as the 
rate of nest predation by antechinus in the largest colony varied between years 
(X21=7.05; P=0.02): six of the eight nests lost to antechinus were from a single 
breeding season, and five of these nests were neighbours within one colony, 
suggesting that one antechinus was responsible for these attacks. Nonetheless, in 
combination, native predators were significantly less likely to prey upon nests 
located within larger colonies (GLMM: x21=4.84; P=0.03: Table 3), due to the 
reduced impact of lace monitors. 
The reproductive output from 76 non-edge ('central') nests and 52 edge 
nests from within the largest colony was determined over three breeding seasons. 
Cane toads and dingoes attacked nests at a high rate, regardless of their location 
within the colony (all P>0.4). When excluding the loss of nests to these 
introduced species, antechinus were found to prey upon central (6/52 = 11.5%) 
and edge nests (2/24 = 8.3%) at an equally low rate (P>0.4). Whenever lace 
monitors were observed in larger colonies, birds would harass the lizards, driving 
them out of the colony. As a result, lace monitors only attacked edge nests (edge 
nests: 4/24 = 16.7%) and never destroyed central nests (0/52 = 0%: Fisher's 
exact test: P=0.02). 
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Individual quality 
The area of the male's black gorget increased as a function of colony size 
(x21=3.84; P=0.05: Fig. la). In addition, the length of the male's bill (x21=4.34; 
P=0.04), but not the head (x21=0.15; P=0.70), increased with colony size, 
causing a concomitant increase in male head-bill length (x21=8.10; P=0.004: Fig. 
1 b ). There was no effect of colony size on the length of the unbroken tail 
ornaments of males (x21=0.01; P=0.94). However, males nesting in increasingly 
large colonies were more likely to have their tail ornaments intact (GLMM: 
x21=5.23; P=0.02: Fig. 2). There was a positive correlation between the 
horizontal width of the female's black gorget and colony size (x21=4.12; 
P=0.04). 
Nest depth may provide an additional, indirect measure of the quality of 
breeding birds. First, second nests are shallower than first nests (depth of first 
attempts= 119.7 ± 2 cm; n=95; second attempts= 107.3 ± 4 cm; n=22; x21"".'4.59; 
P=0.03). Second, birds that dug deeper nests were less likely to suffer complete 
brood reduction (GLMM: x21=4.02; P=0.045) and more likely to fledge at least 
one young (GLMM: x21=6.77; P=O.Ol: mean depth of successful nests= 118 ± 6 
cm; mean depth of nests that suffered complete brood reduction = 99 ± 9 cm: 
ANOVA x21=4.3; n=ll 7; P=0.04). Thus it is significant that birds nesting in 
increasingly large colonies dug deeper nests (x21=14.7; P<0.001), when taking 
into account the variance associated with nest attempt (x21=4.59; P=0.03: Fig. 3). 
Nest depth was not significantly influenced by the presence of a helper (x21=1.2; 
P=0.3) or by clutch initiation date (X21=0.33; P=0.57). 
Within the largest colony, central-nesting females had longer azure cheek 
stripes than females that nested at the edge (Table 4). Males attending central 
nests had significantly longer tails and wings, and a larger black gorget (Table 4). 
In addition, males were more likely to have intact tail ornaments if they nested 
near the centre of the colony (13/54 = 24.1 %) compared to those nesting at its 
edge (13/32 = 40.6%), although this leaning was not significant (contingency 
table analysis: x21=2.6; P=0.11). 
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Nest site fidelity and movement 
In all but one case, colony sites (including solitary nests) were reused by 
bee-eaters (though not necessarily the same individuals) in successive years. In 
the exception, forest regrowth after a bushfire had probably prevented bee-eaters 
from nesting at that site. However, the probability that a particular breeding adult 
(male or female) remained faithful to a breeding area across successive years 
increased with increasing colony size (x24=12.8; P=0.01: Table 5). 
Within the largest colony at least one adult from each of 55 nests was 
recaptured in the following season. The mean distance moved within a colony 
between years was 22.0 m ± 22.6 (s.d.). Birds returning to breed within the 
colony were classified as nesting at an 'equally central', 'more central' or 'less 
central' locality in comparison with their breeding effort from the previous 
season. Birds that nested centrally usually returned to breed at an equally- or 
more-central location, rather than moving towards the edge of the colony (Table 
6). In contrast, birds that nested at the edge of the colony were unlikely to again 
breed at the edge in the subsequent year, and more likely to breed at a more 
central location (Table 6). 
In the 1999/2000 breeding season (which was the last major trapping 
effort), there were exactly 50 active nests at the largest colony. Adults were 
captured at 28 of these nests (18 central nests and 10 edge nests). Adults were 
not captured from the other nests in the colony because they failed too early, or 
they were inaccessible. Birds captured at the edge of the large colony were more 
likely to be new birds (i.e. unhanded from previous years: 6/10 pairs = 60%) 
compared to birds captured near the centre of the colony (6/18 = 33%: 
contingency table analysis: x21=4.0; P=0.046). 
Nesting behaviour 
Colony type (i.e. 'small' or 'large') had no effect upon the rate (x21=0.18; 
P=0.67) or the duration (X21=0.48; P=0.49) of incubation bouts. However, when 
accounting for the steep increase in nest provisioning rate post-hatching, nests in 
smaller colonies were visited more frequently than nests in larger colonies, both 
by females (x21=8.98; P=0.003; nest age: x21=47.8; P<0.001: Fig. 4a), and males 
(X21=6.lO; P=0.01; nest age: x21=21.8; P<0.001: Fig. 4b), but not by helpers 
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(x21=0.S4; P=0.36; nest age: X,21=17.5; P<0.001). The mean size of food items 
was significantly smaller at solitary nests, and at nests within the largest colony 
(x2 4=13.6; P=O.Ol: Fig. 5). 
There is no indication that female mass changes during incubation were 
affected by colony size (large versus small: x21=0.2S; P=0.60). Although birds 
nesting within the largest colony did not alter either the rate (x21=0.12; P=0.73) 
or duration (x21=0.04; P=O.S5) of nest incubation according to their relative 
location within the colony, females that nested towards the centre of the largest 
colony lost less mass per day while nesting (mass change: edge nests = -0.45 ± 
0.11 g per day; non-edge nests= -0.14 ± O.OS g per day: x21=5.72; P=0.02). Birds 
nesting centrally tended to return larger items to the nest than birds nesting at the 
edge of the colony, although this tendency was not statistically significant (mean 
food size: edge nests= 1.32; non-edge nests= 1.64: x21=2.50; P=0.11). 
Reproductive success 
Birds both started and finished building their nest tunnels earlier as 
colony size increased (X2 4=17.5; P=0.002: Fig. 6a). However, colony size did not 
influence the date at which the first clutch was initiated (x21=0.0; P=0.95: Fig. 
6b), the number of eggs in the clutch (x21=0.2S; P=0.6), or the mean volume of 
each egg within the clutch (x21=0.05; P=O.S). The relative mass of the brood was 
significantly influenced by colony size, with lighter broods associated with the 
largest colonies (x2 4=10.0; P=0.04: Fig. 7). 
When all nests were included in the analysis, reproductive success 
increased with group size (X21=3.91; P=0.04S) and tended to vary with colony 
size (x24=10.5; P=O.OS). Moreover, when the large proportion of nests that were 
lost to introduced species were eliminated from the sample, nest productivity was 
significantly related to both group size (x21=9.72; P=0.002: Chapter eight) and 
colony type (x24=11.1; P=0.03: Fig. Sa). A similar result is obtained when all 
nest disasters are removed from the sample (colony size: x21=3.S4; P=0.05; 
group size: x21=7.31; P=0.007: Fig. Sb). In each case, reproductive success is 
highest at intermediate colony sizes, with a noticeable reduction in productivity 
in the largest colony. 
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Birds nesting toward the centre or the edge of the colony had similar nest 
depths, nest building dates, first clutch initiation dates, clutch sizes, and mean 
egg volumes (all P>0.2). Likewise, birds nesting at the centre or the edge of the 
colony were equally likely to suffer complete hatching failure (contingency table 
analysis: x21=1.9; P=0.2) or complete brood reduction (X,21=0.01; P=0.98). 
However, when all nests are considered, birds nesting nearer the centre of the 
colony produced more fledglings (mean = 0.96 ± 1.6) than birds nesting at its 
edge (mean= 0.39 ± 0.9: x21=5.8; P=0.02). When nests lost to all predation and 
flooding were excluded from the sample, birds nesting in more centrally-located 
nests still raised more young (mean= 2.6 ± 1.7 fledglings) than those that nested 
on the edge of the colony (mean= 1.8 ± 1.2 fledglings), but the relationship was 
not statistically significant (X,21=1.6; P=0.2). 
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Table 3. Numbers (and proportions) of rainbow bee-eater nests lost to different 
predators according to colony size. Colony size is grouped into five categories. 
The number of nests that were monitored from each colony size category is 
denoted below colony size. 'All predators' presents the sum of all four predators. 
'Native predators' presents the summed rate of predation by lace monitors and 
antechinus when taking into account the reduction in sample size after excluding 
from the sample all nests lost to introduced predators (i.e. cane toads and 
dingoes). 
Colony size (number of active nests) 
1 2-8 16 28 50 
n=77 n=54 n=34 n=36 n=128 
Lace 17 3 0 1 4 
monitors (22.1 %) (5.6%) (0%) (2.8%) (3.1 %) 
Antechinus 0 1 0 0 8 (0%) (1.9%) (0%) (0%) (6.3%) 
Cane toads 32 25 11 10 29 (41.6%) (46.3%) (32.4%) (27.8%) (27.7%) 
Dingoes 3 1 15 12 23 (3.9%) (1.9%) (44.1%) (33.3%) (17.9%) 
All 52 30 27 23 64 
predators (67.5%) (55.6%) (76.5%) (63.9%) (50.0%) 
Native 17 I 50 4 I 25 1I10 1 I IO 12 I 70 
predators (34.0%) (16.0%) (0.0%) (10%) (17.1%) 
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Table 4. Differences in phenotypes between birds nesting toward the centre 
('non-edge') or at the edge of the largest colony (50 active nests). Data were 
collected from the same colony over three consecutive years. However, if a bird 
was captured more than once during the study then only data from the first 
capture are included. Estimates are mean ± se. 
Trait Non-edge Edge nests x2 p 
nests (n=49) (n=28) 
Female mass 
loss -0.14 ± 0.007 -0.45 ± 0.10 5.72 0.02 
(g /day) 
Female cheek 
stripe width 18.6 ± 0.3 '17.8 ± 0.4 3.42 0.07 
(mm) 
.......... , ......................................................... ................................................................ ................................. .................................................. . ....................................................................................... 
Male wing 
length 116.0 ± 0.4 114.7 ± 0.5 4.83 0.03 
(mm) 
Male tail 
length 77.3 ± 0.4 75.8 ± 0.6 4.10 0.04 
(mm) 
Male gorget 
area 244.7 ± 7.2 206.4 ± 14.0 4.53 0.04 
(mm2) 
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Table 5. The probability of site fidelity in successive years by breeding birds 
(males and females combined) according to colony size. Birds banded in the 
third season (1999/2000) are not included, since capture effort in the fourth and 
final season (2000/01) was minimal. Note that this study cannot distinguish 
between 'fidelity' and 'survival'. 
Colony size (number of active nests) 
1 2-8 16 28 50 
No. ofbirds 
banded 36 36 27 61 146 
No. of birds 
recaptured 3 (7.7%) 5 (12.2%) 1 (3.6%) 11 (15.3%) 46 (24.0%) 
(%) 
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Table 6. The location of bird's nests within the largest colony relative to their 
nest from the previous year. 




























2-8 16 28 50 
Colony size (number of active nests) 
Figure 1. The area of (a) male gorget and (b) male head-bill length as a function 
of colony size. Colony size is presented categorically, although it was analysed 
as a continuous function. Sample size of captured males is presented adjacent to 
the standard error bars. The solid line describes the REML model prediction. 
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Colony size (number of active nests) 
Figure 2. The probability that the male's elongated central tail feathers were 
intact at first capture as a function of colony size: Sample size of captured males 
is presented adjacent to the standard error bars. The solid line describes the 



























1 2-8 16 28 50 
Colony size (number of active nests) 
Figure 3. The depth of the nest as a function of colony size. Closed circles 
denote first nests. Birds occasionally build replacement nests (open circles) ifthe 
first nest is lost early in the attempt. The lines describe the REML model 
prediction for first nests (solid line) and replacement nests (dashed line). Sample 
sizes of measured nests are presented adjacent to the error bars. SED depicts the 
standard error of the differences. 
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Figure 4. Nest provisioning rates of (a) females and (b) adult males at nests in 
smaller colonies (open circles) compared to larger colonies (closed circles). The 
lines describe the REML model prediction for smaller colonies (dashed line) and 
larger colonies (solid lines). Sample size= 8 nests from smaller colonies and 19 
nests from larger colonies. 
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Figure 5. The mean size of food items returned· to the nest by adults is 
significantly smaller at solitary nests, and at nests in the largest colony (50 active 
nests). Food items were ranked from 1 (smallest) to 4 (largest) (size 1 =bees(< 
15 mm); size 2 = moths, march flies (15-25 mm); size 3 = dragonflies (25-35 
min); size 4 = large dragonflies (> 35 mm). Numbers above bars denote the 
number of items observed at colonies of each size category. The solid line 
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Figure 6. The date at which (a) nest excavation began and (b) the first egg was 
laid according to colony size. Colony sizes are grouped into five size categories. 
Points denote mean date, solid horizontal lines represent standard errors, and 
dotted lines depict the entire range of observations for each colony size category. 
Numbers to the right of range bars denote the number of nests for which reliable 
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1 2-8 16 28 50 
Colony size (numberof active nests) 
Figure 7. The relative mass of the brood declines as colony size increases. 
Relative brood mass is calculated as the nest mean of residuals of the regression 
of chick mass versus chick age. Broods containing chicks that are heavier than 
others of equivalent age obtain positive scores, while broods containing chicks 
that are lighter than average for their age obtain negative scores. The dotted line 
depicts the average relative brood mass for the population. Numbers above the 


































1 2-8 16 28 50 
Colony size (number of active nests) 
Figure 8. Reproductive success (fledglings per nest) is greatest at nests in 
intermediate-sized colonies amongst both trios (solid circles) and pairs (open 
circles) when considering (a) only nests that avoided predation by introduced 
species, and (b) only nests that avoided all disasters (i.e. all predation or nest 
collapse). Numbers adjacent to error bars denote sample sizes. The lines describe 
the REML model preclictions for trios (solid line) and pairs (dashed lines). 
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DISCUSSION 
The key results of this study can be summarised as following. Suitable habitat 
available for breeding by rainbow bee-eaters is distributed patchily throughout 
the study site. Larger patches of breeding habitat support larger colonies of bee-
eaters, which, through their collective nest defence, are better able to thwart nest 
predation attempts from lace monitors, the chief native predator of bee-eater 
nests. Higher quality birds are able to nest within these relatively safe havens, 
whereas lower quality birds either have no option or choose to nest in small 
colonies or solitarily, which places their nests at greater risk of predation. As a 
result of (i) the inability of lace monitors to enter larger colonies, and (ii) the 
mean increase in the quality of pairs associated with increasing colony size, 
reproductive success generally increases in larger colonies. However, birds 
within the largest colony are less productive than expected, because the depleted 
local food supply prevents adults from returning sufficient food to the nest. 
Therefore, as a result of opposing selective pressure from predation and 
starvation, rainbow bee-eaters achieve the greatest r~productive success when 
nesting in intermediate-sized colonies. In this respect, rainbow bee-eaters are 
reminiscent of fieldfares (Turdus pilaris), where birds in small colonies suffer 
high predation rates, whereas those in large colonies suffer greater starvation 
(Wiklund 1982). 
Nesting colonially confers anti-predation benefits against monitor lizards, 
which occur throughout the entire continent and are the most significant native 
predator of rainbow bee-eater nests. A reduction in predation risk of this nature 
has often been demonstrated to be one of the chief benefits of group living in 
many species (Wittenberger and Hunt 1985; Siegel-Causey and Kharitonov 
1990), either through improved detection of the approaching ·predator (Pulliam 
1973; Boland 2003), or through the group's improved capacity to deter it (Horn 
1968; Stutchbury 1991; Wiklund and Andersson 1994; Boland 1998). The risk of 
an individual suffering from a predation event is also diluted simply through 
mathematical probability (Hamilton 1971). Although it was never directly 
observed, it must take several minutes for a lace monitor to bore out a nest tunnel 
in order to gain access to the nest contents. Rainbow bee-eaters spend the 
majority of their time in the immediate vicinity of their nest. Therefore, it is 
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doubtful that birds in smaller colonies were unable to detect the activity of lace 
monitors. Rather, birds in small colonies were less capable of deterring them. 
Lace monitors were observed in the moderate to large colonies (16-50 nests) on 
about ·ten occasions during the study. In each case, birds nesting within the 
colony mobbed the diurnal predator, repeatedly diving close to the lizard's head 
and body, and driving it from the site. Sometimes 20 or more birds were 
involved in mobbing the lizard. On one occasion, similar mobbing behaviour 
also proved effective in driving off a red-bellied black snake (Pseudechis 
porphyriacus) from the largest colony. Such mobbing behaviour has been 
observed in many colonial animals (eg, Hom 1968; Robinson 1985; Stutchbury 
1991; Wiklund and Andersson 1994; Brown and Brown 1996), including other 
bee-eaters (Burt 2002), and it is usually more effective as flock size increases ( eg 
Goransson et al. 1975; Burger and Gochfield 1988; Boland 1998). 
Breeding adults are more likely to mob a predator that is a threat to their 
own nest. Thus, birds that nested towards the centre of the largest colony were 
essentially safe from lace monitors. Numerous other studies have demonstrated 
an increased rate of predation (by terrestrial predators) on nests at the perimeter 
of colonies ( eg Coulson 1968; Siegfried 1972; Wittenberger and Hunt 1985). 
Nests built in vertical aspects were as likely to be preyed upon as nests 
located in flat ground. Furthermore, deeper nests were as likely to be preyed 
upon as shallow nests. Thus, group mobbing seems to be the only form of 
defence against predators that is available to bee-eaters. Therefore, the small, 
nocturnal predators ( antechinus and introduced cane toads) were not less 
effective in larger colonies. In contrast, dingoes were far more likely to destroy 
the nests of larger colonies. Dingoes are territorial, and individuals that 
monopolised an intermediate or large colony systematically preyed upon older, 
larger broods (Chapter five). The birds were never seen to mob or harass dingoes 
that entered their colony during the daytime, although such behaviour has been 
reported for little green bee-eaters (M orientalis) nesting in Thailand (Burt 
2002). 
Given that nesting in the centre of a large colony provides protection 
from the most significant native predator, we might expect high quality birds to 
prefer to nest in these 'safe havens'. Accordingly, there were several phenotypic 
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differences within the population that indicate that the highest quality birds 
nested within larger colonies, and particularly towards the centre. First, birds 
nesting in larger colonies began excavating their nests at a significantly earlier 
date. The difference in nest progress between colony sizes was quite dramatic: 
for example, by 30 September 1998, 25 nests at the largest colony site were 
completed, whereas not one was completed at any of the small colonies. It is 
likely that these birds had arrived at the breeding grounds earlier than others, 
entitling them to first access to the preferred sites. Early arrival has been linked 
with individual quality in a number of migratory species, as only birds in good 
condition are able to survive the costs of migrating in sub-optimal conditions 
(Lozano et al. 1996; Kokko 1999; M0ller et al. 2003). Interestingly, however, 
bee-eaters initiated their first clutches at around the same date regardless of 
colony size, presumably to coincide the nest attempt with the most suitable 
weather conditions. Thus, birds that arrived earlier built their nests sooner, but 
waited longer to initiate their clutch. During the interim, these birds were 
engaged in vigorous territorial activity. 
Second, the area of the black gorget of males was positively C?rrelated 
with colony size. The gorget is an important ornament in bee-eaters that appears 
to be condition-dependent: it is significantly larger in breeding males than in 
either females or male-helpers (Chapter two), and pairs assort according to the 
size of the trait (Chapter six). Third, males nesting in larger colonies are more 
likely to have retained their tail ornament by the time of first capture, which is 
another important indicator of quality in rainbow bee-eaters (Chapter seven). 
Birds lose these aerodynamically costly tail feathers after pairing, but higher 
quality birds are able to retain their tail ornaments for a longer duration than 
lower quality birds (Chapter seven). However, the relationship between tail 
ornament integrity and colony size may be an artefact of the tendency of trio-
males to retain their ornaments, coupled with the increased probability of trios to 
nest in larger colonies (Chapter eight). Fourth, bill length in males is positively 
correlated with colony size. Bill length is the most sexually size dimorphic 
structural trait in rainbow bee-eaters, and larger bills may enable males to 
specialise upon larger prey items (Chapter two), which are essential for optimal 
chick growth in bee-eaters (Krebs and Avery 1984). 
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In addition, birds in larger colonies excavated significantly longer nest 
tunnels. Nest depth may be symptomatic of the current condition of the pair: first 
nests are always longer than second nests, and birds that build longer nest tunnels 
are more likely to fledge young than those that build shorter nests, even though 
shorter nests are not more prone to any particular nest disaster. However, deeper 
nests could conceivably reduce the risk of brood parasitism by conspecific 
females, which occurs in other colonial bee-eaters (eg white-fronted bee-eaters, 
M bullockoides: Emlen and Wrege 1986). Brood parasitism is suspected in 
rainbow bee-eaters as interloping females have been observed inspecting active 
nests of neighbouring birds, and being vehemently evicted. In addition, on some 
occasions the size of the clutch unexpectedly increased several days after egg-
laying appeared to have been completed. Intra-specific brood parasitism is likely 
to be more frequent in larger colonies ( eg Hotker 2000), and a deeper nest might 
reduce the chances that a potential brood parasite could enter the nest chamber 
and deposit the egg before being detected. Therefore, at this stage it is not 
possible to state for certain that a deeper nest is indicative of pair quality. 
Furthermore, the phenotypes of birds were distributed non-randomly 
within the largest colony. Males that nested towards the centre of the colony had 
especially large gorgets, and had longer wings and tails. These traits are likely to 
be beneficial in birds that contest territorial ownership using aerial pursuits. For 
example, in barn swallows (Hirundo rustica) birds with longer wings are more 
effective in territorial battles (M0ller 1994). Further, female rainbow bee-eaters 
that nested in the centre of the colony had longer azure cheek stripes than those 
nesting at the perimeter. Females with longer cheek stripes also secure larger 
nesting territories (Chapter six). Thus, this ornament appears to be an important 
correlate of territorial ability. In addition, females that nested at the perimeter of 
the colony lost more mass per day while incubating, even though they invested 
the same amount of time in this activity, and they had .less distance to travel to 
the foraging areas outside the colony. Female mass loss during incubation in 
rainbow bee-eaters is a result of a condition-dependent constraint, and is not 
adaptive (Chapter eight). Therefore, the capacity for maintaining body mass 
during incubation is indicative of the higher quality of cep.tral-nesting females. 
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Additionally, birds that nested toward the centre of the colony tended to 
nest there again in future years. In contrast, birds that nested on the edge of the 
colony were twice as likely upon return to nest more centrally than to re-nest at 
the perimeter. As a result, more experienced pairs usually nested in the centre of 
the colony, while birds that were new to the colony nested at its perimeter. A 
similar behavior has been noted in gulls (Larus bulleri): some pairs move toward 
the centre of the colony through the course of the breeding season, which 
significantly reduces their risk of predation (Evans 1982; Kharitonov and Siegel-
Causey 1988). Thus, of the phenotypic differences between birds within the large 
colony, all of them· suggested that birds nesting away from the perimeter were of 
higher quality than birds nesting at the edge. Similar findings were first reported 
in colonial kittiwakes (Riss a tridactyla ), where compared with birds nesting at 
the periphery, those breeding in the central areas of colonies were of better 
physical condition, and had higher reproductive success and improved survival 
(Coulson 1968; Aebischer and Coulson 1990). 
There are two possible explanations that could account for this variation 
in phenotypic quality of individuals nesting in colonies of differing size (see 
Introduction). First, higher quality pairs may be better able to procure nest 
territories within the more protected, larger colonies, and better able to exclude 
· lower quality pairs from their territory (Fretwell and Lucas 1970; Fretwell 1972). 
Second, while higher quality birds may be attracted to large colonies, poorer 
birds might actually choose to nest in smaller colonies or solitarily (Ranta and 
Lindstrom 1990; Brown and Brown 1996). However, because birds were only 
captured after they had laid their clutch, it is not yet possible to distinguish 
between the two hypotheses in this case. Certainly, there is a great deal of 
territorial activity within larger colonies, with birds involved in frequent 
aerobatic chases and combat. This activity is particularly acute at the start of 
nesting, but continues throughout the attempt. Birds in smaller colonies 
encounter significantly less aggression from conspecifics; while pairs nesting 
solitarily obviously encounter no aggression. Likewise, birds in larger colonies 
spend more time mate guarding, compared with those in smaller colonies (C.R.J. 
Boland, unpublished data). The fact that birds in smaller colonies build their 
nests at a later date does not refute either alternative: either (i) lower quality birds 
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may nest later in smaller colonies because they first attempted to nest in the 
larger colonies, before eventually settling in a smaller colony, or (ii) because 
they are lower quality birds, the larger colonies were saturated by the time they 
arrived, causing them to nest elsewhere. 
Whichever mechanism IS responsible for the observed variation in 
phenotypic quality, the result IS that higher quality birds nested in larger 
colonies. Consequently, mean fledging success generally increased as colony 
. size increased, even when eliminating the influence of the additional nest 
predation in smaller colonies. That is, birds nesting in larger colonies were 
generally more successful (i) because they managed to avoid nest predation 
events, and (ii) because they were higher quality birds. 
However, productivity actually declined in the largest colony, and several 
facts suggest that was a result of local food depletion. In larger colonies (i) adults 
returned fewer items to the nest, (ii) adults returned smaller items to the nest, and 
(iii) the relative mass of broods was low. Thus, despite the fact that the largest 
colony had the highest quality birds, plus the highest frequency of cooperative 
nests, which are typically associated with enhanced reproductive success 
(Chapter eight), birds nesting in the largest colony were less productive than 
birds in intermediate colonies. This was a consequence of reduced chick survival, 
presumably brought about by inadequate provisioning. 
Chick starvation is the primary source of productivity losses in most bee-
eaters, including rainbow bee-eaters (Chapter three). In order to successfully 
prod!-lce fledglings, bee-eaters require high nest provisioning rates during periods 
of peak chick growth, with nests sometimes receiving almost 40 items per hour 
(Chapter eight). However, obviously the amount of insect prey within the 
immediate vicinity of a colony is limited. This is highlighted by the fact that 
birds take longer to find and return larger prey items to the nest (Chapter eight), 
which are essential for optimal chick growth (Krebs and Avery 1984). The 
relatively large number of birds nesting within the larger colonies appears to 
deplete the food supply within the colony's hinterland (cf Cairns 1989), where 
bee-eaters most often forage. 
It has often been argued that larger colonies deplete food over time, 
leading to intensified competition and lowered food intake rates among colony 
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members, which limits colony size ( eg Furness and Birkhead 1984; Wittenberger 
and Hunt 1985; Cairns 1989; Gibbs 1991; Griffin and Thomas 2000; Lewis et al. 
2001), though this is not the case for all colonial species (eg Brown and Brown 
2002). In a species, such as rainbow bee-eaters, where the area of a colony is 
controlled by the amount of available area, local shortages of food could 
constrain nesting density within the colony. If this is the case, it may explain why 
rainbow bee-eaters nest at a much lower density than other colonial bee-eaters, 
despite the fact that the presence of additional nests enhances nest defence. 
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Appendix one: burrowscope: design and assessment 
ABSTRACT 
Traditional methods of examining the nest contents of burrow-nesting birds have 
often been destructive, expensive, and/or limited to large-bodied species. Here 
we present details of a small, efficient and inexpensive 'burrowscope ' designed 
for examining the nest tunnels of very small birds. The burrowscope consists of a 
tiny (16 mm x 22 mm) video camera and infrared light-emitting diodes, mounted 
on the end of flexible conduit (20 mm diameter) that houses a live video feed to a 
small, hand-held monitor display. In total, the burrowscope is only 22 mm wide 
at its widest point, weighs approximately 900 g, and was built for less than 
US$400. The burrowscope was tested in the field and could be used at 99.8% of 
rainbow Bee-eater (Merops omatus) nests and 100% of spotted pardalote 
(Pardalotus punctatus) nests (one of the world's smallest burrow-nesting birds). 
The accuracy of the burrowscope was evaluated by excavating a nest access hole 
at a sub-sample of rainbow Bee-eater nests. The burrowscope enabled precise 
determination of clutch size at 30130 nests, and brood size at 1251127 (98.4%) 
nests. The equipment described here could also be applied to other organisms, 
including some invertebrates, reptiles, amphibians and burrow-nesting 
mammals. 
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INTRODUCTION 
Many species of vertebrates and invertebrates rely upon hollows or cavities for 
diurnal or nocturnal shelter sites, rearing young, feeding, thermoregulation, 
and/or to facilitate ranging behaviour and dispersal (Gibbons and Lindenmayer 
2002). Australia has a higher proportion of hole-nesting birds than other 
continents. In total, 111 species of land birds or 14% of Australia's avifauna are 
obligate cavity-nesters (Gibbons and Lindenmayer 2002), compared to 6% for 
South Africa, 5% for Europe and 4% for North America (Saunders et al. 1982; 
Newton 1994). Data on the frequency of cavity-nesting birds in South America 
and Asia are lacking. 
Cavity-nesting species are often of conservation conce~. For example, 
almost 50% of red-listed species in Sweden are dependent on dead hollow-
bearing trees or logs (Berg et al. 1994). Likewise, over 100 species of Australian 
vertebrates that use hollows are listed as rare, threatened or near-threatened 
according to state and/or commonwealth endangered species legislation 
(Gibbons and Lindenmayer 2002). Continued land-clearing and the spread of 
introduced species is likely to further reduce the availability of hollows to native 
animals (Gibbons and Lindenmayer 2002; see also Koenig 2003), further 
increasing the significance of cavities for conservation biology. 
Concealing the nest inside a burrow typically ensures that nest predation 
rates are lessened (Martin and Li 1992; Martin 1995). However, the very fact that 
burrow-nests are concealed from predators also ensures that they are concealed 
from field ornithologists. As a result, the breeding biology of many burrow-
nesting birds is poorly understood. Particularly problematic are those species that 
nest at the end of long (> 50 cm), narrow (< 50 mm) tunnels. For instance, 
despite the fact that it is one of Australia's most common birds, the nesting 
biology of the spotted pardalote (Pardalotus punctatus) is "little known, partly 
because it is difficult to observe [the] contents of nests without disturbing the 
nest" (Higgins and Peter 2002: 44). 
In order to overcome these difficulties, we have developed a 
'burrowscope' (sensu Dyer and Hill 1991) that allows rapid, accurate and 
unobtrusive visual inspection of narrow, darkened cavities. The burrowscope was 
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specifically designed to investigate the nests of two small, burrow-nesting birds -
rainbow bee-eaters (Merops ornatus) and spotted pardalotes - breeding at 
Cooloola National Park, southeast Queensland, Australia. 
METHODS 
Study species 
The burrowscope was developed to examine the nest contents of two 
species: rainbow bee-eaters and spotted pardalotes. Rainbow bee~eaters are 
small-medium birds (length = 25 cm; weight = 29 g; head-bill length = 56 mm: 
Chapter two) that lay their eggs in an unlined chamber at the end of a 70-180 cm 
long tunnel dug directly into the ground. Mean tunnel entrance is 54 mm high by 
52 mm wide (Chapter three). The nests of spotted pardalotes are particularly 
difficult to examine. These tiny birds (length= 9.5 cm; weight= 9 g; head-bill= 
24.4 mm) build a dome-shaped nest of bark and vegetation at the end of an 
inclining tunnel excavated in the side of a vertical bank. The tunnel is 18-91 cm 
long, while the diameter of the entrance is only 32 mm (Higgins and Peter 2002). 
Description of the burrows cope components 
The burrowscope consists of a very small video camera lens and infrared 
light source mounted on one end of a 2m length of flexible tubing which houses 
a live feed to a monitor display (Fig. 1 ). The burrowscope is only 22 mm 
diameter at its widest plane. The video camera lens is tiny (16 mm x 22 mm), 
weighing only 10 g. The camera utilises a 6.6-mm wide-angle, black and white 
lens to enable a broad view of the nest chamber. The focal length of the camera 
can be easily adjusted by simply screwing the lens in or out of its housing as 
required. The 9-12 volt video camera lens is powered by 8 rechargeable batteries 
(size AA), which are fixed inside a plastic 'project box' (130 mm x 42 mm x 66 
mm). The camera captures a high-resolution (240 lines) image that is delivered 
via a coaxial cable (housed inside the flexible tubing) to a portable liquid crystal 
display television monitor (weight= 264 g: Fig. 1 ). 
Despite its modest size, the camera is extremely sensitive to light, 
requiring only 1 lux to be effective. We mounted four 3-mm infrared 
284 
Appendix one: burrowscope: design and assessment 
(wavelength 940nm) light-emitting diodes (LEDs) around the head of the camera 
(Fig. 1) to provide an effective light source inside the completely dark nest 
burrows. Multiple LEDs were used to avoid any potential loss of visibility should 
one or two of the LEDs become covered in sand while inserting the 
burrowscope. The coaxial cable and electrical wiring from the video camera and 
LEDs run inside the tubing to the project box via a simple on/off toggle switch to 
allow the entire unit to be deactivated when not in use to preserve battery life. 
The pliant, flexible tubing we used for the burrowscope was 20-mm 
diameter medium duty sheathed corrugated conduit. This type of tubing was 
particularly valuable as it provides the optimal balance between flexibility and 
rigidity. It allows the head of the apparatus to be bent slightly upwards to prevent 
the camera from submerging into the soft sand as it is inserted into the burrow. 
Further, if the burrow deviates or bifurcates, partially rotating the tube allows the 
head of the burrow to follow the appropriate path. 
The components of the burrowscope were purchased from standard 
electronics stores within Australia. The entire system weighs less than 900 g and 
costs less than $600 Australian Dollars (approximately equivalent to US$400: 
Table 1). The burrowscope could be made less expensive by utilising a 12-Volt 
'Gel Cell' Battery (A$49.95) system to power the apparatus. However, this 
would significantly increase the weight of the unit (by 2.5 kg). Furthermore, 
many field ornithologists do not have regular access to an AC power supply to 
recharge the Gel Cell. Thus, we suggest using AA size batteries that can be 
recharged using a solar-powered battery recharger. The entire burrowscope 
apparatus is water resistant. Its simple design ensures the burrowscope is 
resistant to breakage. 
Constructing the burrowscope 
One of the advantages of this burrowscope system is that assembly is 
quite straightforward. The camera lens (and associated LEDs) is fixed to the 
blind end of the flexible tubing using shrink-wrap, which also provides 
protection to the lens and diodes. The coaxial cable and electripal wiring from 
the camera lens run through the flexible tubing and into the project box. The 
blind end of the tubing is fixed to the project box using a 20-mm plain to screw 
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adapter. First, the plain end of the adapter is glued to the blind end of the tubing, 
while the screw end of the adapter is inserted through a hole drilled in one side of 
the project box. A lock nut then fastens the adapter (and hence the flexible 
tubing) to the project box. 
Two strands of medium gauge electrical cable run from the video lens 
through the tubing and into the project box. These cables are then soldered to an 
on/off toggle switch, which is screwed into a hole drilled on the side of the 
project box. Two further cables then run from the toggle switch to the battery 
holder cell squat, which is glued inside the project box. 
The coaxial cable that runs from the video camera lens is also housed 
inside the flexible tubing leading into the project box. The blind end of the 
coaxial cable is then soldered to the base of an RCA socket, which is screwed 
into the side of the project box. The image is then transferred to the TV monitor 
through an additional 50 cm length of coaxial cable with RCA plugs attached at 
each end. One plug fits in the socket in the project box, the other fits into the TV 
monitor. The TV monitor is powered by four rechargeable batteries (size AA), 
which are housed internally. 
Nest monitoring using the burrowscope 
Nests were located as part of an intensive study of the breeding biology 
of rainbow bee-eaters conducted between August 1997 and January 2001 
(Chapter three). Thus, far more bee-eater nests were monitored than pardalote 
nests. The contents of nests were examined by cautiously and gradually inserting 
the head of the burrowscope into the nest tunnel until the clutch or brood could 
be seen on the monitor display. The response of birds to the burrowscope was 
carefully noted. Nest contents of rainbow bee-eaters were never examined once 
chicks exceeded 24 days of age to prevent the possibility of chicks prefledging. 
Evaluating the accuracy of the burrows cope 
Rainbow bee-eaters have long been known to tolerate extreme 
disturbance to their nests (Morse 1918; Comrie-Smith 1930). Thus it was 
possible to determine the accuracy of the burrowscope system by first examining 
the contents of the nest with the burrowscope, and then by carefully excavating 
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an access hole into the back of the nest and physically checking the contents. 
Eggs or chicks were removed and measured for another study (Chapter three) 
and returned to the nest via the access hole, which was then sealed off using a 
plastic plate, and back-filled with the original sand. Rainbow bee-eaters always 
resumed nesting activities soon after. No birds deserted their eggs or young as a 
result of this procedure. All plastic plates were recovered at the completion of the 
breeding season. 
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Figure 1. The lightweight burrowscope used in the study. CC = coaxial cable; 
ON = on/off toggle switch; PB = project box; LCDM = liquid crystal display 
monitor; FT = flexible tubing (coiled for the photograph); IRLED = infrared 
light-emitting diode; VCL = video camera lens; 50c = Australian 50 cent piece 
(for scale). 
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Table 1. The components used in the 'burrowscope' (including batteries and 
recharger) are relatively inexpensive (in Australian Dollars). 
Component Weight (g) Price a (AUD b) 
6.6mm wide-angle lens (Farnell™:# 7225301) 10 239 
Portable TV monitor (Digitor™: # G7245) 264 198 
Plastic project box 54 8.69 
On/Off toggle switch 7 2.98 
2.5 m coaxial cable 35 1.36 
2 Gold RCA plug 12 5.16 
1 Gold RCA socket 3 2.58 
Medium duty flexible conduit (20-mm diameter) 160 5.84 
20 mm plain to screw adapter and lock nut 9 2.20 
Medium gauge electrical wiring 60 2.36 
Battery holder (8 x AA) cell squat 58 3.43 
12 Heavy-duty AA NiMH metal hydride batteries 220 89.94 
High speed solar battery recharger n/a 33.84 
Total 892 g $ 595.38 
a Prices of components (in Australian Dollars) from standard electronics retail 
stores within Australia. 
b At the time of writing, one Australian Dollar equals approximately 0.66 US 
Dollars. 
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RESULTS 
Nest monitoring using the burrowscope 
In total, 432 rainbow bee-eater nests and 11 spotted pardalote. nests were 
located. The small diameter of the burrowscope and its pliable tubing allowed the 
burrowscope to be easily manoeuvred along meandering tunnels. The 
burrowscope enabled almost instantaneous viewing of 99.8% ( 431/432) of bee-
eater nests and 100% (11/11) of pardalote nests encountered. Only one rainbow 
bee-eater nest was inaccessible as it made a fairly extreme 'U-turn' mid nest. 
Because of its ease of use, nest contents could be examined in less than a minute 
in nearly every case. Bee-eater nests were particularly easy to view with the 
burrowscope. The narrower tunnels of pardalote nests required more caution. 
Nonetheless, each nest tunnel in the study site was wide enough to accommodate 
the burrowscope. 
No damage was inflicted upon the nest and no physical harm occasioned 
to the birds or their eggs. No birds deserted the nest as a result of the procedure. 
Incubating spotted pardalotes always fled the nest upon approach and returned to 
the nest within 35 minutes of examination. Rainbow bee-eaters rarely responded 
to the approaching burrowscope and typically continued incubating or brooding. 
The burrowscope elicited an overt response from only three or four bee-eaters. 
These birds appeared to be males and would periodically lunge towards the 
burrowscope. 
The equipment proved to be sturdy and resistant to damage despite being 
lugged around the field site for four years and employed well over 1000 times. 
On three occasions the infrared LEDs needed to be replaced. 
Evaluating the accuracy of the burrows cope 
The burrowscope system provided an extremely accurate method of 
determining nest status. At 30 rainbow bee-eater nests, clutch size (range = 2-7 
eggs) was determined first by using the burrowscope, then directly by excavating 
the burrow. In every case, clutch size was precisely determined using the 
burrowscope. Likewise, the burrowscope system was used to accurately 
determine brood size (range 1-10 chicks) at 1251127 (98.4%) bee-eater nests. At 
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the remaining two nests, the burrowscope underestimated by one the number of 
chicks in the brood (one from a brood of five, and one from a brood of six). 
DISCUSSION 
Knowledge of the breeding biology of burrow-nesting birds has traditionally 
been limited by the inability of field ornithologists to perform regular and 
unobtrusive nest examinations. In bygone days most information about the 
nesting biology of burrow-nesting species such as rainbow bee-eaters and spotted 
pardalotes was gained by destroying the nest (e.g. Campbell 1900; North 1901; 
Mathews 1924; Comrie-Smith 1930). For over a century, ornithologists have 
sought some other method of "examining Diamond-birds' [pardalotes] nests" 
that might be "much preferable to digging them out" (North 1901: 227). 
In some species it is possible to view the nest by digging a deep 
'inspection trench' (Fry 1972) behind the nest, or via an 'inspection hatch' 
manually inserted above the nest chamber (e.g. Cuthbert and Davis 2002). 
Inspection hatches however are limited to birds that build their nests in suitable 
substrates and aspects, and are tolerant of extreme disturbance at the nest. 
Further, inspection hatches need to be regularly maintained and are labour 
intensive. 
Other studies have utilised less obtrusive (but possibly less accurate) 
methods of examining nests. Lill (1993) monitored a modest sample of rainbow 
bee-eater nests using a hinged mirror attached to a rod and a light source 
mounted on the end of another rod. Demong and Emlen (1975) examined the 
nests of white-fronted bee-eaters (M bullockoides) using an optical scope 
composed of a series of lenses placed inside a 25-mm aluminium tube. While the 
optical scope was clearly very effective in the study of bee-eaters, it nonetheless 
can only be used on species that nest in very straight tunnels. The rigid 
aluminium tubing is also potentially damaging to the interior of the nest tunnel. 
Other studies have utilised fibre optic cable and industrial endoscopes, though 
the universality of these methods are hampered by significant expense (e.g. 
Warham 1982). More recently, workers have turned to video equipment to 
monitor burrow nests. However, previous versions of 'burrowscopes' have 
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tended to be large and heavy, and were not able to be used in the study of small-
bodied organisms (e.g. Dyer and Hill 1991; Dyer and Aldworth 1998; Hamilton 
2000). 
We believe that the burrowscope described in this study strikes an 
excellent balance between being small, lightweight and efficient, while 
remaining affordable. Because the burrowscope used in this study is so small and 
manoeuvrable, the process of nest examination was very rapid and any potential 
ill effect of disturbance to the nesting behaviour of the birds was therefore 
minimised. Furthermore, all components of the burrowscope are lightweight, 
thus the action of inserting the burrowscope had very little effect on the actual 
nest tunnel itself. 
The burrowscope revealed many important and previously unreported 
aspects of the community ecology of rainbow bee-eaters. For example, yellow-
footed antechinus (Antechinus jlavipes) and introduced cane toads (Bufo 
marinus) were found to usurp rainbow bee-eater nests (Chapter three; Chapter 
four). Although cane toads are rapidly colonising much of northern Australia, 
they had not previously been considered as a potential nest predator. Thus the 
burrowscope has unveiled a serious conservation concern. In addition, the 
burrowscope provided field safety benefits: nests· that needed to be excavated in 
order to measure and band the chicks could be checked for the presence of 
snakes that occasionally prey upon the nests of bee-eaters (Mathews 1924; Lill 
1993). 
The burrowscope could, of course, be applied in many other areas of 
ecology and conservation biology, including investigations of shelter sites used 
by many amphibians and reptiles, ground-nesting mammals, and some large 
invertebrates. 
Conclusions 
The burrowscope described here was developed for the study of rainbow 
bee-eaters and spotted pardalotes and has proven to be a very effective means of 
overcoming the difficulties of investigating the nesting biology of these small, 
burrow-nesting birds. The burrowscope was efficient and accurate at virtually all 
nests encountered. Only one particularly circuitous rainbow bee-eater nest could 
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not be examined via this method. Spotted pardalotes surely rank among the 
world's smallest burrow-nesting birds. Thus, unless they nest in especially 
intricate cavities, there must be very few burrow-nesting birds that could not be 
observed using the burrowscope described here. We hope that the description 
provided here is useful for other ecologists and conservation biologists. 
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ABSTRACT 
We review the early literature and correspondence on two cooperatively 
breeding Australian passerines, the superb fairy-wren Malurus cyaneus and 
white-winged chough Corcorax melanorhamphos. We show that recognition of 
cooperative breeding in these species was widespread in the nineteenth century, 
prompting experiments and formulation of adaptive hypotheses. These early 
studies precede by decades the work of Alexander Skutch, who is generally 
credited with the 'discovery' of helping behaviour in Central American birds. We 
discuss why this early literature has been ignored. 
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Background 
In the introduction to the first edition of The Emu in 1901, it was noted 
that in regards to Australian ornithology 'there are technicalities to be settled, 
doubtful points to be cleared up, and mysteries of nesting, and c., to solve' 
(Anon. 1901: 3). In this review, we attempt to settle a technicality that has sold 
Australian ornithology short for over 65 years. In brief, cooperative breeding 
among birds was not first demonstrated in 1935 by the North American, 
Alexander Skutch as is frequently stated. Instead, we show that reports of the 
phenomenon were commonplace in the early literature on Australian 
ornithology. As reported by Craig (1990) for the New Zealand avifauna, early 
Australian naturalists repeatedly described helping behaviour. We review the 
early literature and correspondence on the two cooperative species that have 
since attracted most attention, the superb fairy-wren Malurus cyaneus and the 
white-winged chough Corcorax melanorhamphos, to show that recognition of 
group-living and cooperation was ubiquitous. We uncover what we believe are 
the earliest experimental investigations of cooperative behaviour (1879, 1907), 
and point to the original formulation (1928) of the skills hypothesis, an adaptive 
explanation of helping behaviour that is also usually credited to Skutch (1961 ). 
We speculate on reasons for the neglect of this earlier literature, and suggest that 
it would be dangerous to perpetuate geographical biases in future investigations 
of avian social systems. We have inserted several excerpts from the literature to 
support our arguments. In some instances we have italicised specific parts of 
these excerpts in order to add emphasis. 
Cooperative breeding 
Cooperative breeding among birds refers to the mating system in which 
more than one pair of individuals exhibit parent-like behaviour toward offspring 
of a single nest or brood (Brown 1978; Cockburn 1998; Hatchwell and Komdeur 
2000). Such systems establish the evolutionary dilemma that some individuals 
(called 'helpers' or 'auxiliaries') appear to behave altruistically: not only do 
these individuals delay both dispersal and independent reproduction, they also 
endure the physiological costs of helping in order to raise young that are not their 
own. Charles Darwin (1859: 269) recognised that the evolution of helping 
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behaviour (specifically of sterile worker insects) was therefore 'possibly fatal' to 
his theory. Cooperative systems have thus generated considerable scientific 
interest, both empirical (e.g. Woolfenden and Fitzpatrick 1984; Brown 1987; 
Koenig and Mumme 1987; Stacey and Koenig 1990) and theoretical (e.g. Wilson 
1975; Axelrod and Hamilton 1981; Emlen 1982; Brown 1987; White et al. 1991; 
Koenig et al. 1992). fudeed, this issue has been labelled the central theoretical 
problem in sociobiology (Wilson 1975). 
Given intense scientific interest in coop.erative breeding, it is important 
that its history be properly documented. Many reviews of avian cooperative 
breeding and considerable numbers of empirical studies begin with a statement 
that the first record of helping behaviour can be traced to Skutch (1935). Indeed, 
this has almost become standard practice (e.g. Rowley 1968; Brown 1978, 1987; 
Brown and Brown 1990; Stacey and Koenig 1990; Emlen 1991). Even recent 
authors who rail against the chauvinism of northern temperate workers commit 
the fallacy. Stutchbury and Morton (2001: 56) exclaim 'The first description of 
helpers at the nest came from none other than Skutch (1935)!' Steve Emlen 
(1991: 302) writes: 
Skutch's first published account in 1935 of cooperative breeding 
described extra adults provisioning young ... Helpers (also called 
auxiliaries) at the nest were first described by Skutch in 1935. 
Skutch's observations raised a number of intriguing questions. 
Who were these extra adults? Why were they not breeding on their 
own? And why were they raising another's young? 
Emlen (1991: 301) 
These are indeed pertinent questions, but they have a history that can be traced · 
for decades prior to 1935. 
What Skutch did and did not achieve 
Skutch (1935) realised that over-enthusiasm for the recently formulated 
theory of territoriality (which had established that in most instances breeding 
pairs should actively expel other individuals from around their nest site) may 
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have resulted in a tendency to overlook situations in which breeding pairs receive 
assistance at the nest by conspecifics. He suggested that helpers could be either 
juveniles from an earlier brood of the current reproductive season, or unmated 
birds from previous years. Skutch also included a category of 'mutual helpers', 
which was a largely incorrect, group-selectionist explanation of coloniality (e.g. 
'group-rearing' of young by emperor penguins Aptendodytes fosteri). His 
. principal contribution was to describe in detail observations of the cooperative 
behaviour of three species of Central American birds. He had recognised the 
presence of a single auxiliary helping at the nests of banded cactus-wrens 
Heleodytes zonatus as well as multiple auxiliaries at the nests of brown jays 
Psilarhinus maria and black-eared bush-tits Psaltriparus melanatis. He was able 
to deduce, on the basis of bill colouration, that the helpers at the brown jay nests 
were yearlings, and assumed they were the offspring from the previous season. 
Skutch did not himself raise any questions regarding the adaptive significance of 
this behaviour. 
It is surprising that workers steadfastly claim that the concept of a helper · 
at the nest was first recognised by Skutch (1935) givei: that Skutch himself has 
from the first (1935), and repeatedly (1961, 1987), acknowledged the existence 
in the scientific literature of accounts of helping behaviour prior to his own 
celebrated paper. In 1935 Skutch noted that helpers had been observed at the nest 
in British moorhens Gallinula chlarapus (Grey ofFallodon 1927), barn swallows 
Hirunda rustica (Forbush 1929) and two species of bluebirds (western bluebirds 
Sialia mexicana: Finley 1907; mountain bluebirds S. currucoides: Mills 1931). 
Skutch (1935) also admitted.that other records of alloparental behaviour 
in birds might also exist although they had escaped his attention. This was indeed 
the case (Craig 1990; Hemmings 1994). Biologists had already alluded to the. 
presence of helpers at the nests in three New Zealand species: wekas Gallirallus 
australis (Guthrie-Smith 1910), pukekos Porphyria parphyrio (Guthrie-Smith 
1925) and brown skuas Catharacta skua lannbergi (Guthrie-Smith 1914, 1925; 
Stead 1932). 
Furthermore, as we demonstrate herein, numerous detailed and 
perspicacious descriptions of cooperative breeding existed in the Australian 
ornithological literature substantially prior to 1935. This is shown by the early 
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studies of two endemic Australian species, superb fairy-wrens Malurus cyaneus 
and white-winged choughs Corcorax melanorhamphos. Although both are 
cooperative breeders, the two species have relatively distinct social systems (see 
below). As a consequence, scientists came to realise that they are cooperative via 
quite different routes. As we demonstrate, early ornithologists very quickly 
realised that superb fairy-wrens were cooperative. In contrast, this deduction 
took considerably longer in regards to choughs, which is at first surprising given 
that choughs are obligatorily cooperative (Heinsohn 1992; Heinsohn and 
Cockburn 1994). 
Cooperative· breeding in superb fairy-wrens 
Superb fairy-wrens have an extraordinary mating system that combines 
cooperative breeding with extreme levels of extra-group mating. Each territory is 
occupied by a dominant pair that may be assisted in feeding nestlings and 
fledglings by as many as four male helpers, and accompanied by additional 
young of the year, as well as unrelated females that settle in the territory to 
overwinter (Rowley 1965; Mulder 1995; Dunn and Cockburn 1996). Although 
all the adult males on the territory produce sperm and are capable of siring young 
(Mulder and Cockburn 1993; Dunn and Cockburn 1999), the female typically 
cuckolds all the males who help raise young, instead initiating matings with 
males as much as five territories from her own (Mulder et al. 1994; Double and 
Cockburn 2000). Females prefer to mate with sires that spend the winter in blue 
plumage (Mulder and Magrath 1994; Dunn and Cockburn 1999; Green et al. 
2000), a trait that is only attainable by high quality males (Peters 2000; Peters et 
al. 2000, 2001). It seems that all fairy-wren species combine cooperative 
. breeding with rampant infidelity (Brooker et al. 1990; Tuttle et al. 1996; Rowley 
and Russell 1997). 
Superb fairy-wrens were one of the first birds observed and described by 
the early European explorers and settlers. The European voyageurs first met with 
this species in January 1777, at Adventure Bay, Bruni Island, off Tasmania. In 
the official account of Cook's Voyages (1784: 109), Ellis mentions the party saw 
a 'small one, with a pretty long tail, [that] has part of the head and neck of a most 
brilliant azure colour, from whence we named it Motacilla cyanea.' 
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The early observers quickly developed both a fondness and an 
understanding of the species. In 1808, Lewin painted and very briefly described 
only 26 species in his Birds of New Holland, one of which was the superb fairy-
wren. He wrote, 'These birds always go in small companies, having seldom 
above one male in full plumage' (Lewin 1808: 19). Although he had space to 
devote only three or four sentences to each species, Lewin was evidently of the 
opinion that the tendency of superb fairy-wrens to occur in small parties and their 
sexual dichromatism were sufficiently important, if not diagnostic, traits to 
warrant inclusion in such restricted notes. Evidently, the early observers knew 
full well that males did not necessarily wear their stunning nuptial plumage at all 
times. That naturalists were cognisant of this fact from a very early stage would 
have enabled them to recognise individuals within groups, even in the absence of 
colour bands. 
From 1800-1810, George Caley, an explorer and naturalist (who had been 
sent to New South Wales by Sir Joseph Banks to gather botanical specimens), 
began collecting birds and writing brief field notes (Currey 1966). These were to 
become the raw material for the first review of Australian birds (Vigors and 
Horsfield 1827). Caley's field notes expanded upon Lewin's understanding of 
the fairy-wrens, and, importantly, imply that biologists were already prepared to 
entertain the possibility that this species' breeding system may be more complex 
than first meets the eye: 
They are gregarious, and polygamous to appearance, unless I have 
been deceived by the young birds possessing the plumage of the 
female. 
Caley, quoted in Vigors and Horsfield (1827: 221) 
The familiar and intimate interactions between the adult male and the 
additional birds were sufficient to suggest to Caley that they were somehow 
involved in the breeding attempt (thereby suggesting polygamy). Although Caley 
had indeed been deceived by the appearance of the young birds, he was 
nevertheless acutely aware that the presence of the 'additional birds' needed an 
explanation and further investigation. 
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In combination these brief, old passages indicate that the early biologists 
were on the edge of an important conceptual leap, one that had clearly been made 
by the time the indomitable John Gould published The Birds of Australia in 
1841. While Gould's description of superb fairy-wrens scarcely mentions their 
nesting behaviour, the plate that accompanies his text speaks volumes. The scene 
depicts an adult female and two adult males in full nuptial plumage. All three 
birds are only centimetres from the entrance of the nest. Moreover, both males 
are clearly returning food to the nestling (which in this case happens to be a 
shining bronze cuckoo Chrysococcyx lucidus). The cooperative relationship of 
the trio in Gould's painting is unequivocal, and is also described explicitly in the 
accompanying text (1841: 18): 'the plate represents two males and a female with 
the nest, the former engaged in feeding a young cuckoo.' 
There are few written accounts of the breeding biology of superb fairy-
wrens post-Gould until the 1900s. In 1899 the naturalist Graham wrote a letter to 
Robert Hall detailing his observations of the breeding biology of superb fairy-
wrens. Hall (1907) was to publish the letter in his monograph The Useful Birds of 
Southern Australia a few years later: 
The spring before (1897) I noticed a similar case [of cooperative 
breeding], so, when in August, 1898, I found a pair of males 
attending one female in a very isolated patch of cover, which 
could be easily seen, I determined to watch them right through. 
From the first it was evident that one male had the happy 
possession of the female, and that the other male was tolerated 
either because it could not, or would not, be driven away. When 
the female was on the nest the two males were apparently friendly 
enough, fed, hunted, and camped together. 
When the young were hatched out, on the 28th of October, 
both males fed and attended to them, and right on to the present 
time (20th June) the partnership continues. This being the third 
instance of such conduct in three successive seasons leads one to 
assume it is not an isolated example. 
Graham, quoted in Hall (1907: 86) 
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Graham then goes on to describe how both males jointly defended their 
territory. It is significant that Graham, in the same letter to Hall (1907: 82), stated 
that these young helpers probably 'pass the first year without breeding.' 
Australian biologists were apparently aware that young male fairy-wrens were 
delaying dispersal and helping to raise their younger siblings. 
Not only had Graham accurately described cooperative breeding, he had 
even conducted experimental studies of superb fairy-wren nesting behaviour with 
the specific objective of demonstrating cooperation: 
More than one adult male will attend a single brood of nestlings. 
Three nests of young were brought from the forest and placed in 
three cages, somewhat apart. Each nest had its female, which, in 
one case, was attended by three males, in the second two, and in 
the third one, all helping in the task of feeding the young. In the 
first-mentioned case this was observed before the nest was 
removed, and was continued for fourteen days after the removal to 
new quarters, where the feeding was done through the wires. 
Graham, quoted in Hall (1907: 82) 
Graham's description is doubly remarkable because this is surely the first 
removal experiment on a cooperatively breeding bird and because his use of the 
words 'helping in the task of feeding the young' is, so far as we are aware, the 
first use of the word 'help'. Furthermore, the first sentence quoted above bears 
uncanny resemblance to the definition of cooperative breeding used one hundred 
years later in Cockburn's (1998: 141) recent review: 
Cooperative breeding in birds describes social systems wherein 
more than two individuals combine to rear a single brood of 
young. 
Graham's observations, published in Hall (1907), outline the quintessence of 
cooperative breeding theory, and evince a level of understanding of the 
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phenomenon that would not be surpassed by any other description of the 
behaviour for another sixty years, Skutch (1935) notwithstanding. 
Biologists continued to discover and record details of this popular 
species' unusual mating system and became increasingly interested in 
determining the identity of the group members. 
All the members of the families keep together in a company 
during the year, and from the excess of hen-birds the association 
suggests polygamy, but the blue male who 'proudly struts his 
dames before' is but the mate of one and the father of the others ... 
[Although the female offspring] are dismissed to take upon them 
domestic duties of their own ... unmated males will assist a mated 
pair in feeding and tending the nestlings. 
Lucas andLe Souef (1911: 324) 
As Caley had intimated one hundred years prior, the presence of the 
multiple, dull-plumed birds suggests a single male occupies a harem of females. 
However, 100 years of observation of such familiar and sedentary birds is a long 
time: and the identity of the additional birds in a fairy-wren group was no longer 
questioned. Lucas and Le Souef (1911) plainly understood that the juvenile 
females dispersed to establish a new territory, whereas the young males remained 
philopatric to help at the nest of the parents. It had become quite apparent that 
the helpers are social-family members. 
For the next 50 years ornithologists provided increasingly detailed 
accounts of this species' cooperative behaviour (e.g. Ashby 1912; Ford 1918; 
Mathews 1922 and references therein; Huemann 1927; Bryant 1928; Rowley 
1957). Early workers even began to ponder its adaptive significance. For 
example: 
The Superb Blue Wren (Malurus cyaneus) is called, in some 
districts, the Mormon wren, on account of his apparent harem of 
little brown ladies. These are most likely the young of the year's 
first brood; and sometimes 'big brother' even assists in tending his 
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new little sisters and brothers. At Wandin I saw two fully-
plumaged males engaged in supplying a nest full of hungry 
youngsters with 'small game.' Evidently 'uncle' was gaining 
experience preparatory to taking on himself the responsibility of 
rearing children of his own. 
Bryant (1928: 64) 
Bryant's suggestion that auxiliary males may receive direct fitness 
benefits by delaying dispersal and gaining breeding experience has since been 
resurrected as the skills hypothesis, one of the adaptive hypotheses used to 
explain the evolution of helping behaviour in birds (Brown 1987; Cockburn 
1998). Remarkably, it was Skutch (1961) who resurrected this idea, and it was 
also mentioned by Selander (1964), who formulated what is now known as the 
ecological constraints model of cooperative breeding. The skills hypothesis has 
only recently attracted sophisticated empirical investigation (Komdeur 1996; 
Khan and Walters 1997). 
However, three decades elapsed before the simultaneous and influential 
use of colour-banding of superb fairy-wrens by Bradley and Bradley (1958) and 
Rowley (1957, 1961, 1965) resuscitated studies of cooperative breeding in the 
Australian avifauna. These studies were timed perfectly to attract interest, as 
theoretical debate over the importance of group selection were about to erupt 
(see below). Rowley's (1965) data were used as the standard textbook model of 
application of Hamilton's rule to predict kin-selected altruism (Brown 1975; 
Grafen 1984). However, the parameters these authors used have since been 
shown to be incorrect, as helpers are often unrelated to the young they provision, 
and there is no strong evidence that they enhance group productivity (Dunn et al. 
1995; Green et al. 1995; Cockburn 1998). Instead, helpers benefit older birds by 
reducing the constraints on female choice (Mulder et al. 1994) and allowing 
dominant males more time to court females from other groups (Green et al. 
1995). Helpers may help because they are forced to do so (Mulder and Langmore 
1993). 
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Cooperative breeding in white-winged choughs 
White-winged choughs are large (350-380 g), sexually monomorphic, 
Australian passerines. Active nests can be found from July through to February 
in open sclerophyll forests throughout much of Eastern Australia. Their mud 
nests are massive (30 cm diameter), highly visible structures, typically mounted 
on Eucalypt branches 5-20 m from the ground (Rowley 1978). 
Cooperative breeding in choughs is enforced by a difficult foraging niche. 
A breeding pair is unable to gather sufficient food to prevent complete brood loss 
through starvation (Heinsohn 1991 a; Boland et al. 1997). As a result, parents 
must have at least two additional helpers to successfully fledge even one young 
(Rowley 1978; Heinsohn 1991a, 1992). Thus, choughs are obliged to breed 
cooperatively in cohesive groups of 2-20 birds (Heinsohn 1992). Almost all 
(97%) chough nests are attended by groups containing at least three members (n 
= 336 of 348 nesting attempts: combined data from Rowley 1978; Heinsohn 
1992; Boland 1998). Groups are composed equally of both sexes, and group 
members of all ages contribute to every aspect of reproduction, including nest 
building, nest defence, and incubation and provisioning of nestlings and 
fledglings (Rowley 1978). Combined, these facts ensure that observing the 
cooperative nesting behaviour of choughs tends to be a relatively simple affair. 
White-winged choughs were first formally described on 15 March 1817 
by Vieillot. The intense sociality of choughs was recognised from the outset. 
Despite their brevity (only five sentences), the first field notes published on 
choughs had to remark on one of their most distinguishing features: 'it is 
gregarious' (Vigors and Horsfield 1827: 265). It was not till 1846, however, 
before John Gould was to provide a fuller description of their behaviour. Gould 
almost immediately discusses their sociality: 'it usually occurs in small troops of 
from six to ten in number' (Gould 1846: 16). Soon after he becomes the first to 
ponder the question of their breeding behaviour: 
The nest is a conspicuous fabric, composed of mud and straw, 
resembling a bason [sic] and usually placed on the horizontal 
branch of a tree ... it has often struck me that more than one 
female deposited her eggs in the same nest, as four or five 
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females may be frequently seen either in the same or 
neighbouring trees, while only one nest is to be found. 
Gould (1846: 16) 
Thus, by 1846 the wheels were in motion: it is unmistakably apparent that 
all of the individuals in a breeding group of choughs are occupied with only one 
nest. This provided Gould with two possible alternative explanations: either the 
clutch (typically four or five) was laid by one female, or four or five females laid 
one egg each. Gould had no evidence at his disposal for or against either 
hypothesis. Choughs are sexually monomorphic, so sex-ratios could not be 
inferred. Gould, an Englishman of course, cut his teeth on the idea of a standard 
breeding pair defending a territory. Perhaps, as a result, he could not shake off 
the presupposition that any individual at a nest must be a breeder and thus opted 
for the first explanation. Even though many groups contain only four or five 
birds yet still incubated four or five eggs, Gould was reluctant to presume that 
some individuals were attending a nest that did not contain their own offspring. 
Instead he assumed a single male must have possession of a harem of breeding 
females. Gould, however, could not reach this conclusion with the superb fairy-
wrens given that the bright blue plumage of the helpers clearly reveals that they 
are all male. 
Gould's assumptions regarding the choughs were treated as essentially 
aphoristic and accordingly recapitulated by various workers for the next fifty 
years (e.g. Broinowski 1890; Campbell 1900). Broinowski (1890) for example 
virtually paraphrased Gould (1846): 
It is generally found in groups of from six to ten ... another strange 
thing about this bird is that apparently several females deposit 
their eggs in the same nest, since on trees where there is only one 
nest, four or five birds are seen. 
Broinowski (1890: 35) 
While some workers were prepared to accept Gould's assertion (that the 
entire group attend only one nest) on face value, others appeared to need definite 
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proof. In September 1879, Hermann Lau attempted to 'prove beyond doubt' 
(Campbell 1900: 66) the existence of this apparent anomaly - that the entire 
group attend only one nest. Lau did not believe in indirect methods of obtaining 
data: he was able to ascertain clutch size by 'sending my black climber up a tree 
to fetch me _a nest with the complement of eggs' (in Campbell 1900: 66). 
Moreover, Lau had a surefire method for confirming cooperation: 
The Black Magpie (Corcorax) is gregarious, living in small troops 
of from five to fifteen, and is dispersed all over the [Darling] 
Downs. Together they commence building one nest, its material 
being simply mud mixed with dry grass ... on which five or six 
eggs rest. The whole company attend to one nest, as I have 
proved, shooting two birds from the nest, and seeing a third sitting 
next day. 
Lau, quoted in Campbell (1900: 66) 
This heavy-handed 'experimental' protocol revealed what simple 
observation had already confirmed: that more than two birds were sitting on the 
nest. Given that as many as fifteen birds were sharing at most six eggs, it is 
mathematically obvious that not every group member can be a breeder. Since all 
choughs were known to attend the one nest, clearly some group members must 
be auxiliaries. 
Despite quoting the entire passage (above) from Hermann Lau, this 
elementary mathematical reasoning seemed to have also eluded Campbell 
(1900). He professed that the question 'do the females lay each one or more 
eggs?' was still 'an important point to be settled' (Campbell 1900: 66). 
This question was in fact in the process of being answered. By 1889 
North had realised not only that 'it is well known that often more than one pair of 
birds assists in the construction of one nest,' but also that 'the usual number of 
eggs for a sitting is four, but as many as eight have been taken from a single nest' 
(North 1889: 189). It was becoming obvious to North that four eggs was the 
modal clutch of a single female, not the product of four different females. He 
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would confirm this in 1901 in his magnum opus The Nests and Eggs of Birds 
Found Breeding in Australia and Tasmania: 
Moving about in small flocks of from five to ten in number ... 
Several birds assist in the construction of each nest, and frequently 
three or more may be observed busily engaged at the same time on 
one nest. .. [A] flock of six birds ... all assisted in the construction 
of a nest. .. in a large number of sets [i.e. complete clutches] now 
before me, the greater portion of the eggs belonging to the sets of 
four, or five, from each nest are, as a rule, alike in shape, size, 
colour, and disposition of markings... [Some sets, however,] 
contain two or more distinct types of eggs. 
North (1901: 21-22) 
By 1901 North had demonstrated that the typical clutch of a female 
chough is four or five eggs. In fact, he was so certain of this that smaller clutches 
required special explanation: 
In several instances, however, I have found nests with only two or 
three incubated eggs, or young ones ... It is possible that they may 
have had a portion of their contents abstracted by a Raven or 
Crow. 
North (1901: 22) 
It had become unequivocal that in the majority of chough nests only one 
female will lay, indicating that the supernumerary birds were not themselves 
breeders. Since these birds were nonetheless participating in the rearing of the 
offspring, they must be helpers at the nest. 
These facts were to be reiterated by several workers in the years 
following Federation (e.g. Hall 1907; Austin 1908; White 1912). By 1908, 
Austin (in Mathews 1926) had been following several chough groups for more 
than 20 years and had compiled an impressive data set: 
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During 1908 I made a special study of their eggs and examined 
twenty-seven complete clutches, which ranged from three to eight, 
but I found in every case where there were more than five eggs in 
a nest, they were of two distinct types, but when there were five or 
less I am quite satisfied they were laid by the same female. A 
whole flock assists in the building of the nest, but I am of the 
opinion that a very small percentage of the females lay each year. 
Austin (1908), quoted in Mathews (1926: 417) 
Likewise White (1912) stated: 
They move about in large communities, giving their weird and 
mournful whistle; when one flies off they all follow... If a bird 
should be wounded, the whole party come fussing round with 
wings drooping and tail spread out, uttering loud calls of alarm ... 
Many birds seem to assist in building the wonderful mud nest, but 
I am of the opinion that only one bird lays in it; the clutch varies 
much, for three to seven eggs will be found in the nest. 
White (1912: 208) 
Clearly, both Austin's and White's use of the words 'but' (rather than the 
equally applicable 'and') indicates that they realised that cooperative breeding 
was an unusual concept. Regardless, these workers were now prepared to take 
this stance given the mounting weight of evidence collected not only from 
observations of choughs but also from several other Australian species including 
the fairy-wrens. 
These passages also indicate a developing appreciation of the stability of 
chough groups. This cohesion combined with the tame disposition of choughs 
permit detailed and longitudinal observations, and it was not long before 
Australian ornithologists (e.g. Campbell 1900; Austin 1908, in Mathews 1926) 
realised chough groups tend to remain faithful to their nest sites, making it a 
simple task to identify groups: 
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They breed here in great numbers, often using the same nest year 
after year, just adding a little fresh mud to the top rim. If a nest 
falls down after using it, and before the next breeding-season, they 
will often build a new nest in the same tree. One flock has lived 
about my house for over twenty years, and for as long as I can 
remember they have reared their young in the same tree. 
Austin (1908), quoted in Mathews (1926: 416) 
This enabled observers to follow the fate of the fledglings and it was thus 
only a matter of time before biologists appreciated the consanguineous 
association of a chough group. This is portrayed frequently throughout the early 
literature on chough breeding biology, though it is most succinctly stated by 
Howe (in Mathews 1926: 419): 
They are local to an extraordinary degree and can always be met 
with in small families in the same spot for years. We have never 
noticed more than one nest being occupied in any given spot, 
though a lot of birds were seen in that locality. It is possible that 
some of them perhaps don't reach maturity for a few years. 
Howe, quoted in Mathews (1926: 419) 
Brown (1987: 9) emphasised the breakthrough of Skutch (1935) was in 
showing that juveniles did not disperse and hence that 'the resultant groups 
existed all year.' The work by Austin and Howe (in Mathews 1926) indicate that 
this breakthrough had already long been made. 
By the 1920s cooperative breeding behaviour was a well-accepted fact in 
Australia with accounts even occurring in the popular press. Chisholm (1929) for 
instance mentioned that a chough group 'combines for the purpose of nest-
building.' By 1934 he had coined the term 'community nest-building' (which he 
distinguished from 'nesting in communities') as a shorthand appellation for the 
behaviour (Chisholm.1934: 243). 
One year later, Skutch published his account of the same phenomenon. 
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Cooperative breeding in other Australian species 
A detailed history of the scientific understanding of cooperative breeding 
could have been assembled for several other Australian species, including (but 
not confined to) grey-crowned babblers Pomatostomus temporalis, sitellas 
Neositta chrysoptera, dusky Woodswallows Artamus cyanopterus, apostle birds 
Struthidea cinerea, and, of course, rainbow bee-eaters Merops ornatus (e.g. 
Campbell 1901; North 1901; Hall 1907; White 1914; Mathews 1922, 1923, 
1926; Chisholm 1929, 1934; Comrie-Smith 1930: and references therein). 
Helpers at the nest had even been recorded for species that are very occasionally 
cooperative (e.g. white-naped honey-eaters Melithreptus lunatus: Mathews 
1922). All of these species, were known to cooperate prior to Skutch's findings 
in 1935. To quote but one example: 
The queer grey jumpers, the 'twelve apostles', of inland Australia, 
construct their mud nests on the company principle also ... I saw a 
flock of perhaps ten grey jumpers approach a nest and four birds 
take turns at sitting in it, each remaining cuddled down for only 
half a minute or so. Possibly that nest contained babes and the 
chattering birds were, like so many human females, taking turns at 
mothering the progeny! 
Chisholm (1929: 63-4) 
Why was cooperative breeding discovered so early in Australia? 
Cooperative breeding is such a rare phenomenon in North America that in 
1933 Skutch had to trek to the foothills of the Sierra de Merend6n in what was 
then disputed territory between Honduras and Guatemala to observe its 
occurrence (Skutch 1987). He needed to make his observations from inside a 
hide, in what was evidently a visually-occluded habitat. It is little wonder that 
only two years later Skutch (1935: 257) avowed that proving a brood was being 
raised by more than the standard breeding pair was difficult 'because their 
discovery requires a more concentrated attention than is commonly devoted to 
studies of nesting birds.' 
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By contrast, Australian birds are not only commonly cooperative (Rowley 
1968; Dow 1980; Ford et al. 1988; Clarke 1995; Cockburn 199?), but many 
species are extremely easily observed. For example, Gould (1848) said of the 
superb fairy-wren: 
It is abundantly dispersed over every portion of the colony of New 
South Wales ... The members of this genus are among the most 
beautiful of the Australian birds ... No bird can be more tame and 
familiar, for it frequents the gardens and shrubberies of the 
settlers, and hops about their houses as if desirous to court, rather 
than shun, the presence of man ... They will frequently build their 
little nest and rear their young in the most populous places. 
Several birds are reared annually in the Botanic Garden in Sydney, 
and I saw a pair busily employed in constructing a nest in a tree 
close to the door of the Colonial Secretary's office in that town. 
Gould (1848: 18). 
The overt and sometimes obligatory cooperative nature of such a large 
proportion of our avian species means it is probably easier to observe helpers at 
their nest than to not observe them, unless wearing the ideological blinkers 
imposed by familiarity with birds from other parts of the world. As we have 
noted, European explorers first recorded superb fairy-wrens in 1777 off 
Tasmania. Bass and Flinders were still 20 years away from discovering that 
Tasmania was an island. Evidently superb fairy-wrens are easier to locate than 
Bass Strait. 
Why does Skutch receive the credit? 
The question remains then, why do so many modem authors on 
cooperative breeding believe 'the concept of a helper was originated by Skutch 
in 1935' (Brown 1978: 123)? There are likely to be several factors acting in 
concert. First, many of the early descriptions of cooperative breeding 
recapitulated in this review are difficult to access, particularly for overseas 
workers. 
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Second, the study of cooperative breeding may have been a victim of 
geography. As Brown (1987) suggested, until recently scientists and cooperative 
breeding birds rarely co-occurred. This seems an unsatisfactory explanation 
given that scientists have been describing the behaviour in Australia for more 
than a century. A more plausible explanation is that scientists in the Northern 
Hemisphere (where cooperative breeding is a rare occurrence) were theoretically 
blinkered by the preponderance of pair-breeding species that typically exclude all 
conspecifics from their territory (Rowley 1968). Consequently, Northern 
Hemisphere biologists tended to neglect or even disbelieve reports of cooperative 
breeding from the antipodes. The possibility of such a bias was articulated by 
Richdale (1965), a New Zealand biologist who lamented the fact that: 
The phenomenon of three adult skuas at a nest, each one 
apparently equally devoted to the chicks, has usually caused 
sceptical comment whenever I have mentioned the fact in 
Northern Hemisphere circles. 
Richdale (1965: 84) 
As illustrated by Craig (1990), Richdale's studies of conventional, pair-
breeding seabirds were readily quoted by eminent Northern Hemisphere 
biologists (including Lack 1954, 1966). It was not that long ago that Northern 
Hemisphere biologists refused to believe in scientific descriptions of the 
platypus. 
There may be a third reason why Skutch (1935) often receives the credit 
for discovering cooperative breeding - that being coincidence. Interestingly, the 
paper by Skutch (1935) 'stimulated almost no further work except by Skutch 
himself (Brown 1987: 8). In 1961 Skutch reviewed the literature on cooperative 
breeding, but still Northern Hemisphere scientists continued to show little 
interest. That is, until it became 'theoretically possible' following the formal 
development of kin selection theory to explain the evolution of social behaviour 
(Hamilton 1964a, b; Maynard Smith 1964). Much of the impetus for the 
development of this theory came from the need to replace the conceptually 
impotent 'group-:-selection' models of the time (e.g. Wynne-Edwards 1962). In 
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the ensuing controversy both kin-selectionists and group-selectionists repeatedly 
utilised Skutch's (1961) recent review and his original 1935 article as evidence 
for their own argument (e.g. Hamilton 1964b; Williams 1966). The review by 
Skutch (1961) had thus appeared at an opportune time and would certainly have 
served to bring to prominence his 1935 article. Several reviews of helping 
behaviour followed soon after (Rowley 1968; Lack 1968; Brown and Brown 
1978), all stating that Skutch (1935) was the discoverer of helping behaviour. 
We hope this review will finally provide the bygone Australian 
ornithologists with the credit they so richly deserved. It is possible that even 
earlier accounts may languish unnoticed in antiquarian literature on African or 
South ~erican birds, as explorers would have encountered conspicuous, 
cooperatively breeding birds such as ostriches, jays and shrikes long before the 
European colonisation of Australia. 
Is the same mistake being made? 
In addition to correcting this error of attribution, we hope that it will also 
be obvious that fully understanding avian social and mating systems will never 
be achieved by ignoring the lessons to be learned from the majority of the 
world's birds, which live in tropical and southern temperate environments. For 
example, elsewhere we have argued that the optimism that all cooperative 
breeding can be explained within the framework emanating from the study of 
northern temperate species such as the Florida scrub jay Aphelocoma 
coerulescens and acorn woodpecker Melanerpes formicivorus is misguided 
(Cockburn 1996). Indeed, the Florida scrub jay can be viewed as an old 
Australian bird carrying its cooperative legacy to a new home rather than a 
habitat specialist crippled by the inability to find new habitat in which they can 
breed (Cockburn 1996). We hope that this historical sketch will sound a clarion 
call to the readers and authors of the Emu as the journal enters its second century. 
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ABSTRACT 
The domestic non-state sector is a potential core component of the economy of 
Vietnam. Many institutional changes have been made by the Vietnamese government 
during the transition to a market economy to support the development of the non-state 
sector. The thesis provides an in-depth investigation into the effects of privatisation on 
the new domestic non-state manufacturing sector's performance in Vietnam in a series 
of three core essays. 
The first essay (Chapter 3) examines the technical efficiency level of non-state small 
and medium manufacturing firms by using the stochastic frontier approach and data for 
small and medium enterprises in 1991, 1996, and 2001, from the Ministry of Labour, 
Invalids and Social Affairs of Vietnam. Both cross-section and panel models are 
estimated, showing a high level of technical efficiency of non-state small and medium 
manufacturing firms and an improvement in their technical efficiency level over the 
period studied. The results indicate that a greater use of family labour and a 
metropolitan location are associated with an improvement in technical efficiency, while 
direct government financial and non-financial assistance to businesses has few benefits. 
The performance of the non-state small and medium manufacturing firms is further 
investigated in the second essay (Chapter 4). In this essay, a new method called 'the 
error index decomposition method' is developed to analyse the contribution of 
productivity, firm size, and the prices of outputs and intermediate inputs to a firm's 
value-added. The method introduces an error term into the decomposition equation to 
capture measurement biases and white noise that are generated by using the industry 
deflater instead of the observed price to resolve the dimensionality problem. Empirical 
application of the method using the data set of non-state small and medium 
ii 
manufacturing firms in 1996 and 2001 indicates that total factor productivity is the most 
important factor contributing to a firm's value-added. The findings, again, reveal the 
ineffectiveness of the government assistance program. 
The third essay (Chapter 5) examines the impacts of institutional reforms with a 
particular focus on the second phase of the economic reforms in Vietnam since 2000 on 
non-state firms' economic performance. The results indicate that the improvement of 
government practices and institutional performance including information provision, 
land tenure security and labour training assistance is positively associated with non-state 
firm performance. By contrast, the presence of a weak judiciary system and 
administrative reforms impede growth of the non-state sector. 
The findings from the thesis imply that if the lack of a skilled labour force and capital 
shortages are addressed, administrative obstacles are overcome, and market information 
provision and the judiciary system are strengthened to promote cooperation among 
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The transition from a centrally planned to a market economy is often identified by the 
increasing share of the private sector in GDP and rapid institutional changes. Literature 
on transitional economies has often focused on the causal-effects between privatisation 
and firm performance changes. For instance, Frydman et al. (1999), Megginson and 
Netter (2001), Djankov and Murrell (2002), and Bennett et al. (2004) investigate the 
effectiveness of the privatisation programs in Central and Eastern Europe and the 
former Soviet Union. Walder (1995), Bai et al. (1997), Lin et al. (1998), and Fung et al. 
(1999) examine the impacts of privatisation on firm performance in China. 
In an attempt to shed light into the efficiency of privatisation in Vietnam, Che et al. 
(2001) investigate the impacts of market reform on the productivity of agriculture, 
Pham (2001) examines the effectiveness of market policies on the export performance 
of foreign invested enterprises (FIEs), and Vu (2003) analyses the effects of the 
privatisation programs on the performance of state-owned enterprises (SOEs). However, 
questions still remain regarding the effects of privatisation on the performance of the 
new domestic manufacturing non-state sector in Vietnam. This thesis gives a 
comprehensive insight into the new domestic manufacturing non-state sector in 
Vietnam, including its performance and the impacts of institutional reforms since the 
start of the economic reform 'Doi moi' process. 
Doi moi began in 1986 with gradual reforms. Their first objective was to rescue the 
economy from the economic crisis that resulted from the ineffective central planning. 
To achieve this aim, the reforms were targeted: (i) to improve the efficiency of SOEs, 
and (ii) to promote the development of the non-state sector. 
The SOE reform in Vietnam which began in 1981 and preceded the economic reforms 
can be divided into three phases. The first round of the reform was carried out from 
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1981 to 1985 under the centrally planned framework. A few changes, such as allowing 
SOEs to produce and sell partially their products in free markets, were taken and the 
impacts were moderate (Vu 2002). The second round of reform took place in the period 
1986-96 when the country moved towards a market economy. Reform measures during 
this period were strengthened with the issuance of Decree No. 338/HDBT on the 
20/11/1991 on establishing and liquidating SOEs and the Law on SOEs in 1995. These 
bold measures of economic reform and the favourable economic conditions in the 
middle of the 1990s had a positive impact on SOEs' economic performance. However, 
difficulties facing SOEs after the Asian financial crisis in 1997 led to a considerable 
number of loss-making SO Es. This triggered the third round of reform from 1997 which 
has continued to the present. This reform focused on the privatisation of SOEs under the 
guidelines of Decrees No.28/CP, 07/05/1996, No.44/1998/ND-CP and No.64/2002/ND-
CP. 
The SOE reform process has resulted in a significant fall in the number of SOEs, from 
12,000 in 1991 to 6,000 in 1994 (CIEM 2002) and to 4,086 in 2005 (GSO 2007). The 
share of industrial output of SOEs has also diminished from 49.63% in 1996 to 25.10% 
in 2005 (GSO 2007). Although the reforms have eliminated some priorities previously 
given to SOEs, they have granted more autonomy to SOEs. Consequently, the 
performance of SOEs has improved (Mekong Economics 2002; Vu 2002). 
Nevertheless, a recent study on efficiency of small and medium enterprises (SMEs) by 
Nguyen et al. (2007) shows no differences in efficiency performance among SOEs and 
private ownership firms. 
The economic reforms in Vietnam also promote the development of the non-state 
sector. This sector includes FIEs and the domestic non-state sector. FIEs were the result 
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of the foreign direct investment program, which began in 1988. Although FIEs account 
for only 3.27% of all enterprises and generates 19.56% of the total employment, they 
produce 43.70% of the value of industrial outputs in 2005 (GSO 2007). This remarkable 
performance, compared to that of the state and domestic non-state sectors has attracted a 
large body of literature such as, Pham (2001), Le (2002), Freeman (2002), and Tran 
(2007). These studies investigate the performance of FIEs and recommend policy 
options that assist Vietnam in attracting foreign direct investment. 
On the other hand, despite its legal recognition since the beginning of the 1990s and the 
increasingly crucial role in the economic development process, little attention has been 
given to exploring the development of the domestic non-state sector in Vietnam. This is 
partly due to the unavailability of relevant data. Most of the studies on the domestic 
non-state sector focus on the policy environment (MPI-UNIDO 1999; Sakai and Takada 
2000; Steer and CIE 2001; Schaumburg-Muller 2005; CIEM 2006). Analyses also 
emphasise obstacles impeding the development of domestic non-state enterprises 
through small-scale surveys (Ronnas et al. 1998; Webster and Taussig 1999; CSEG and 
CIEM 2002; earlier and Tran 2004a; IFC/MPDF 2005). Attention has been recently 
extended to quantitative analyses. For instance, Vijverberg and Haughton (2002) 
investigate the survival and growth rate of non-farm household enterprises in Vietnam 
during the period 1993-98. Hansen et al. (2004), Kokko and Sjoholm (2004), and 
Kokko and Tingvall (2005) analyse the survival and growth rate of non-state SMEs 
from 1991-2001 and the impact of government support and internationalisation on their 
survival and growth. 
Despite the above efforts, questions still remain: (i) how efficient and productive are 
domestic non-state enterprises? (ii) which factors influence their efficiency and 
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productivity? what is the determinant of the success of a domestic non-state firm? and 
(iii) how have institutional changes during the transition affected firm economic 
performance? 
Under the current legal framework, the domestic non-state sector (to this end the non-
state sector) in Vietnam includes informal household enterprises, cooperatives, and the 
private sector's four types of ownership: sole-proprietorships, limited companies, 
shareholding or joint-venture companies and partnership enterprises. The common 
characteristic of non-state enterprises is that they are at small and medium scale with 
nearly 99% of firms employing up to 300 workers and 90% of enterprises having fewer 
than 50 employees (GSO 2003). Generally, non-state enterprises experience working 
capital shortages and possess obsolete technology (GSO 1998, 2003), but the situation 
has improved in limited and shareholding companies. 
In terms of economic performance, the non-state sector performs well in generating 
employment and job growth. By 2004, the proportion of employment generated by the 
non-state sector had increased to 52.39% (GSO 2005). Despite this contribution and the 
upsurge in the number of non-state firms, the non-state sector's share in the industrial 
outputs has increased slightly, from 24.5% in 2000 to 29.0% in 2004 (GSO 2005). This 
relatively slow increase in economic importance and the growth and survival rate of 
non-state enterprises (Carlier and Tran 2004a; Hansen et al. 2004) raise concerns about 
the economic performance of this sector. 
A key contribution of the thesis is the exploration of the technical efficiency of non-
state manufacturing enterprises and factors influencing this efficiency level. More 
importantly, the thesis gives insights into the performance of non-state enterprises by 
extending previous work (Fox et al. 2002) and introducing a new method, called 'the 
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error index decomposition method', to decompose the contribution of productivity to a 
firm's economic performance. The thesis also surveys institutional changes in Vietnam 
during the transition period and models impacts of these changes on firm performance. 
Understanding the actual performance and factors that constrain the performance of 
non-state enterprises effectively directs government and policy makers towards better 
policies to promote the sustainable development of the non-state sector. 
The thesis is composed of three core essays which are presented in Chapters 3 to 5. The 
first two core chapters (3 and 4) examine non-state SME enterprise performance in 
terms of technical efficiency and productivity. The last core chapter (chapter 5) analyses 
the impacts of institutional changes on firm economic performance during the transition 
period with a particular focus on the second phase of the economic reform in Vietnam 
since 2000. 
In the first core essay, presented in Chapter 3, the stochastic frontier approach is applied 
to the data of non-state manufacturing SMEs collected by the Institute of Labour 
Science and Social Affairs (ILSSA) of the Ministry of Labour, Invalids and Social 
Affairs (MOLISA) of Vietnam in collaboration with the Stockholm School of 
Economics (SSE) of Sweden in 1991, 1996 and 2001. The results show that average 
levels of efficiency of the non-state small and medium manufacturing industries are 
high. The results also indicate an improvement in technical efficiency over the period 
studied and a considerable variation in efficiency levels among firms. The determinants 
of such differentials are identified, showing that a greater use of family labour and a 
metropolitan location are associated with improvement in technical efficiency. The 
results indicate few benefits from direct government financial and non-financial 
assistance to businesses. 
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The second core essay (Chapter 4) develops a new method called 'the error index 
decomposition method' to decompose the contributions of productivity, prices and firm 
size to a firm's value-added. The method introduces an error term into the 
decomposition equation to capture measurement biases which are caused by using the 
deflater instead of the observed price. An application of the method is given using the 
same data set as in Chapter 3, but excluding the data in 1991. The error index 
decomposition method provides a comparison of performance of all firms to the 
hypothetical representative firm. The analysis allows firms and policy makers to realise 
the key factors contributing to the success or failure of a firm, and suggest strategies to 
improve firm economic performance. 
In the third core essay (Chapter 5) we investigate institutional reforms in Vietnam, 
focusing on three aspects of institutional performance: (i) provision of information; (ii) 
security of private property rights; and (iii) lower transaction costs that arise from 
reduced administrative procedures and less discretion by state officials. The impacts of 
institutional changes on firm economic performance are investigated using countrywide 
firm-level data collected by the General Statistics Office (GSO) of Vietnam in 2005 and 
the provincial competitiveness index 2006 (PCI06). The PCI06 reflects the 
improvement of institutions since the second phase of economic reforms in Vietnam in 
2000 and differences in the implementation of the central government's regulations and 
policies at provincial level in creating a fair business and policy environment to all 
economic sectors. 
The results of Chapter 5 are compelling. They show that provincial competitiveness is 
economically and statistically significant in explaining cross-province differences in 
firm performance. We find that a one percentage improvement in government practice 
7 
could increase the daily value-added of an average firm by an amount equivalent to 
nearly three times daily per capita GDP. The results indicate that an improvement in 
providing market information, more secure land tenure and labour training assistance 
has a positive effect on firm performance. By contrast, weaknesses in the judiciary 
system and administrative reforms impede the growth of non-state firms. Overall, 
findings imply that governance is an important obstacle to the development of the non-
state sector in Vietnam. 
The structure of the thesis is as follows. Chapter 2 provides the background of the non-
state sector in Vietnam. This chapter is an overview of the legal framework for the 
formation and development of the non-state sector. It also discusses the general 
characteristics, performance and constraints facing non-state enterprises during the 
transition period. This is followed by two core chapters (Chapters 3 and 4) investigating 
the economic performance of non-state enterprises in terms of efficiency and 
productivity. Several factors that affect firm performance are also investigated in these 
two chapters. Chapter 5 focuses on the effectiveness of the privatising program in 
Vietnam. Concluding remarks are offered in Chapter 6. 
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CHAPTER2 
THE NON-STATE SECTOR IN VIETNAM 
9 
2.1 Introduction 
The economic crisis in Vietnam early in the 1980s led to economic reforms in 1986, 
which transformed the economy from a centrally planned system to a market economy, 
with a socialist orientation. The reforms targeted: (i) improving the efficiency of SOEs 
and (ii) stimulating the development of the non-state sector. This sector was expected to 
overcome drawbacks of SO Es including inefficiency, weak competitiveness and failure 
in generating sufficient jobs. More importantly, the non-state sector was supposed to 
sustain economic growth and become a core component of the economy. 
In an attempt to promote the development of non-state enterprises, the Vietnamese 
government has carried out a number of policy changes to create a better business 
environment and a 'level playing field' for all economic sectors. However, weaknesses 
in institutions supporting markets, lack of experience in managing the market economy 
on the government's side, and attitudes favouring the state sector have resulted in many 
constraints towards the operation and development of non-state enterprises. Although 
market-entry barriers have been lessened, obstacles such as limited access to factors of 
the production, markets and information have been challenging non-state enterprises. 
Consequently, the non-state sector has stayed small with the dominance of household 
enterprises. According to the enterprise countrywide surveys conducted during 2000-02 
by GSO, 99% of non-state enterprises employ up to 300 workers and 90% of enterprises 
have less than 50 employees. Policy and institutional changes have promoted the 
increase of more evolved ownership types such as limited and shareholding companies. 
Nevertheless, the inverse transformation from sole-proprietorships to household 
enterprises is a warning for an over-regulated environment. The difficult business 
environment constrains the performance of non-state enterprises. Although they 
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perform well in generating job and despite the dramatically increase in the number of 
non-state firms, the share of the non-state sector in industrial output has increased 
slowly and its contribution to GDP has decreased during the period 1995-2004 (GSO 
2005). 
This chapter reviews economic reforms and provides background of the non-state 
sector, focusing on the characteristics, performance and constraints facing non-state 
enterprises in Vietnam. Following discussion of the features of the economy before 
1986 in Section 2.2, attention is turned to economic reforms with a particular focus on 
institution building for non-state sector development in Section 2.3. The general 
characteristics, performance and constraints facing noff-state enterprises are provided in 
Section 2.4. Section 2.5 concludes. 
2.2 Economy of Vietnam before Doi moi reforms 
In 1954, after the Geneva Agreement, Vietnam was divided into two parts, characterised 
by two contradictory economic systems. North Vietnam adopted a centrally planned, 
socialist economy while South Vietnam followed a capitalist model. 
In the early years of the socialist economy (1954-1957), North Vietnam accepted multi-
economic sectors based on different ownership types: the state, collectives 1, and private 
ownership types, including individual businesses and private-state joint-venture [Cong 
ty h<Jp danh]. In 1957, the state sector provided only 26.9% of GDP (Nguyen and 
Hoang 1990: 35). 
1 In collectives, people contributed all their assets, worked together, and received the same returns. This 
sector concentrated on agricultural and handicraft areas. 
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To mobilise all resources for the "war against the Americans", the following period 
(1958-1960) witnessed the determination of North Vietnam to transfer private and 
individual ownership types into state-owned enterprises (SOEs) and collectives. 
However, individual businesses still played an important role in the economy during 
this period. Their contribution to GDP was 33.4% in 1960 (Nguyen and Hoang 1990: 
41). 
Following the Third Communist Party Congress2 (1960), the period 1961-7 5 
experienced the mass restructure of all private ownership types into the state and 
collectives. North Vietnam also applied a large-scale heavy industry scheme. Until 
1975, not only were private ownership types considered illegal, but they also faced 
discrimination. No materials and credits were allocated to private enterprises if they 
existed (Vietnam Academy of Social Sciences 2006). Individual ownership forms were 
limited to small-scale enterprises. Small-scale traders were not allowed and were 
transferred into collectives. The contribution to GDP was mainly from the state sector, 
accounting for 88.4% of GDP. The formal and informal private sector contributed only 
10% of GDP in 1975 (Nguyen and Hoang 1990: 46). 
After reunification in 1976, the northern economic system was applied to the south. 
Private companies were either transferred into SOEs or re-structured as private-state 
joint-ventures where the state held controlling interest. The economy was dominated by 
two state economic sectors: SOEs and collectives. Private and individual ownership 
firms were considered 'the enemy of socialism' and existed illegally in the 'grey zone' 
as informal household businesses. 
2 The political system in Vietnam has a unique ruling Communist Party, which holds a National Congress 
every five years to adopt a five-year strategy for socio-economic development. 
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Under the centrally planned economy, the government made all decisions about the 
production process, from the allocation of inputs to the distribution of outputs. SOEs 
and collectives acted in the economy as main production units for the government. 
There were no market transactions and prices, credit and interest rates mal-functioned 
(Le 1999). The mechanism of this model was based on the average distribution. That 
meant everyone received the same return, regardless of the individual's productivity. 
This could not create the incentives needed for economic development and squandered 
the country's scarce resources. In addition, the development strategy, of boosting large-
scale heavy industry right after reunification ( 197 6) while lacking capital, advanced 
technology as well as talented managers with technical and managerial skills, was 
inappropriate. It was also clearly ill-suited to the predominantly agricultural economy 
and small-scale industry of Vietnam and the need for alleviating prevalent starvation 
after the "American war" (Dao 1990). Consequently, GDP growth rate was less than 
that of population growth as shown in Table 2.1 (page 33). The economy fell into a 
severe economic crisis at the beginning of the 1980s with hyperinflation and widespread 
famine that needed comprehensive reforms. 
2.3 Economic reforms and legal framework for the non-state sector 
The economic crisis revealed the inefficiency of SOEs and collectives. They did not 
provide enough outputs and services for the economy. Furthermore, widespread 
starvation and the failure of the state sector in absorbing the expansion of the labour 
force showed that the prohibition of the non-state sector was unwise (Dao 1990: 19). In 
fact, its existence was necessary to overcome drawbacks of the state sector. This 
triggered the so-called 'Renovation Process' 'Doi moi' that focused on economic reform 
and began in 1986. This paved the way for the issuance of a series of legal documents 
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for the formation and development of the non-state sector. 
The development of the non-state sector in Vietnam can be divided into three periods. 
The first, from 1986 to 1992, was considered as the launching period of economic 
reform. This brought the non-state sector from the 'grey zone' for the first time and 
transformed the economy from a centrally planned model to a market economy with 
socialist orientations. Nevertheless, institutions supporting markets had not been created 
yet. The non-state sector faced many obstacles to registering and operating businesses. 
The second period, from 1993 to 1998, witnessed little improvement in the policy 
environment though a number of legal decrees had been issued. However, favourable 
economic conditions during this period following trade liberalisation in 1993 improved 
firm economic performance. In addition, there were numbers of firms which 
transformed from simple ownership forms to more complex ones. Though many 
constraints still remained, this period can be named the transformation period to 
indicate efforts from both government and firms to improve economic performance. 
The last period, from 1999 until present, is one of rapid changes in institutions and 
policies to streamline costly administrative procedures and stimulate the development of 
the non-state sector. This period has witnessed a huge increase in the number of non-
state enterprises. However, the performance of this sector is less than satisfactory. Yet, 
with the growth in firm numbers and achievements that firms obtain, this period can be 
known as the development period. 
2.3.1 First period (1986 - 1992): Launch of economic reforms 
The Sixth Party Congress of Vietnam in 1986 marked a milestone for the legal 
existence of the non-state sector. It acknowledged officially the multi-sectoral 
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economy, including the state sector, the collective sector, the private sector, individuals 
and households (Vietnamese Communist Party 1986) for the first time since 1975. 
Following the Party Congress, a number of legal decrees were issued to set up the legal 
framework for non-state sector operations. The first was the Decision No.27-HDBT3, 9 
March 1988 on policies towards the non-state economic sector. This Decision 
transformed the strategy of the Sixth Party Congress into specific policies towards the 
non-state sector. Following this was Resolution No.16/NQTW4, 15 July 1988 on small-
scale non-state-sector activities, which stated that the non-state sector would be allowed 
to operate outside the state planning process and should not be discriminated against. 
The recognition of the non-state sector was re-iterated at the Seventh Party Congress in 
mid-1991, where the property rights of individuals and private ownership types were to 
be protected legally for the first time (Vietnamese Communist Party 1991). To 
encourage the development of the non-state sector, a series of legal documents was 
issued including the Land Law (1988), the Company Law (1991a), the Law on Private 
Enterprises (1991b) and Decree No.66/HDBT, 2 March 1992. 5 More importantly, the 
property rights of different economic sectors were re-confirmed in the Constitution 
(1992). This also stated that all economic sectors had rights to be treated equally while 
preserving the leading role in the economy of the state sector (MPI-UNIDO 1999: 7). 
3 Decision no.27-HDBT, 9 March 1988, by the Council of Ministers on Policies Towards Private 
Manufacturing Sector, Services and Transportation [Nghi Dinh s6 27-HDBT ngay 9-3-1988 ban hanh quy 
djnh vB chinh sach d6i v6i kinh t~ ca th@, kinh t~ tu doanh san xu~t cong nghi~p, djch vi.i, cong nghi~p xay 
di.mg, v~ tai] 
4 Resolution No.16/NQTW, 15 July 1988, by the Politic Bureau on the Renovation of Management 
Policies and Mechanisms Towards the Non-state Economic Sectors [Nghi quy~t s6 16/NQTW ngay 15-7-
1998 cua Bi) Chinh tri vB d6i m6i chinh sach va ccr ch~ quan ly d6i v6i cac ccr sa san xu~t thui)c cac thanh 
phAn kinh t~ ngoai qu6c doanh] 
5 Decree No.66, 2 March 1992 on household enterprises and small traders [Nghi djnh s6 66-HDBT ngay 
2-3-1992 vB ca nhan va nh6m kinh doanh c6 v6n th~p hO'll v6n phap djnh quy dinh trong nghj djnh s6 
211-HDBT ngay 23-7-1991] 
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The issuance of the law on private enterprises and the company law in 1991 led to the 
registration of a number of informal household businesses as private enterprises of 
which the majority is sole-proprietorships.6 Collectives were transformed into either 
household businesses or private associations under the name 'cooperative'. Those 
cooperatives were, however, basically synonymous to socialist collectives. Under the 
contemporary legal framework, the domestic non-state sector in Vietnam included the 
following ownership kinds: cooperatives, sole-proprietorships, limited companies and 
household enterprises. In reality, there has been one more ownership form, known as 
partnership7 enterprises, operating under no specific law (MPI-UNIDO 1999: 7). 
The classification by ownership is largely administrative. Households are small firms 
with up to 20 workers (Schaumburg-Muller 2005: 356). If they wish to expand further, 
they must register under the private enterprise law. Sole-proprietorships differ from 
household firms mainly due to their larger size and greater reliance on paid labour. 
Partnerships are distinguished from sole-proprietorships in that they have two or more 
owners. In reality, sole-proprietorships and de facto partnerships are somewhat similar 
since one of the owners of partnerships is only nominal (Ronnas 1992: 12). 
Even though the legal framework brought the non-state sector out of the 'grey zone', 
weaknesses of the government in managing the market economy did not encourage the 
development of this sector. Registration procedures were too complicated and costly. 
6 In Vietnam, a sole-proprietorship is officially named a 'private enterprise'. To avoid confusion, we use 
the word 'sole-proprietorship' for this kind of enterprise while the word 'private enterprise' is used to 
indicate private ownership types in general, which include sole-proprietorships, limited and shareholding 
companies, and partnership enterprises. 
7 The author believes that this kind of ownership originated from the category 'private-state joint-venture' 
under the centrally planned economy. It was, then, transferred to de facto private enterprise under the 
market economy. However, the basic legal framework at that time had not been changed to capture this 
ownership type 
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Private property rights were unclear. For instance, the Land Law (1988) only gave 
enterprises and individuals the right of using land in the long term. It did not state that 
land users had the right to use land as loan collateral, restricting a firm's ability to 
access capital. Capital and labour markets, which did not exist at that time, were also 
constraints to firms' operations. In addition, the state sector was given priority to keep a 
leading role resulting in unequal treatment between the state and non-state sectors in 
practice. Consequently, non-state enterprises faced many difficulties at the outset. 
Constraints toward firm entry limited the number of household businesses to register as 
private enterprises. In addition, a tendency of transferring from collectives to household 
firms following the de-collectivisation movement late in the 1980s led to the dominance 
of household enterprises in the economy (Table 2.2, page 33). As shown in Table 2.2, 
sole-proprietorships constituted only a small number during this period. The number of 
SOEs was small as well because they dominated other sectors such as education and 
administration that are excluded from this Table. 
Despite difficulties facing the non-state sector, economic reforms positively affected the 
economic growth of Vietnam. GDP growth rate was 4 times that of population in 1993 
as shown in Figure 2.1 (page 32). The country had one of the highest economic growth 
rates in the region. 
2.3.2 Second period (1993-1998): Transformation 
Many constraints facing the non-state sector in the first period still remained during this 
time. The issuance of a number of legal documents such as the Land Law (1993), the 
Labour Code (1993), the Law on Bankruptcy (1994), Amended Company Law (1994a), 
Amended Law on Private Enterprise (1994b) and the Cooperative Law (1996) did not 
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improve the policy environment. The unfavourable policy environment was reflected in 
the Resolution of the Eighth Party Congress in 1996, which still favoured the state 
sector by confirming the consistent policy of developing the multi-sectoral economy 
under the socialist orientation while preserving the leading role of the state sector 
(Vietnamese Communist Party 1996). 
The sole improvement of the legal framework in this period was the Land Law (1993), 
which allowed land users to transfer land use rights and to use land as loan collateral. 
Other changes were minor. For example, compared with the Company Law and the Law 
on Private Enterprises, the only change in the Amended Company Law and Amended 
Law on Private Enterprise was the change of registration agencies from the provincial 
economic arbitrage to the provincial planning and investment committee. In addition, 
despite the encouragement from the Resolution of the Eighth Party Congress to develop 
de facto cooperatives and the issuance of the cooperative law in 1996, a few 
cooperatives were established. Nevertheless, the favourable economic condition during 
this period following the opening-up of the economy to the world in 1993 increased the 
number of non-state enterprises. Furthermore, trade liberalisation led to the appearance 
of more evolved private ownership types such as shareholding or joint-venture 
companies. 8 In 1994 only, the number of licensed businesses was little more than half of 
that of the period 1991 to the end of 1993 (Table 2.3, page 34). 
Not much improvement in the policy environment could be seen during the 
transformation period. However, the favourable economic environment promoted the 
development of the non-state sector in both qualitative and quantitative aspects. Most 
8 In our paper, we use the word 'shareholding' and 'joint-venture' company interchangeably. 
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enterprises during this period benefited from high GDP growth rate (Figure 2.2, page 
32) and demand expansion. Firms were more profitable, accumulated enough capital 
and upgraded technology. 
2.3.3 Third period (1999 -2005): Development 
The economic slowdown in Vietnam late in the 1990s brought the attention of the 
Vietnamese government to the non-state sector for its potential to create jobs and 
sustain economic growth. In this period many government efforts were made to create a 
better policy environment and a level playing field for non-state enterprises. A 
milestone was the issuance of the Enterprise Law (1999) that was considered the most 
successful legislation. This helped to simplify the registration procedures and market 
entry of firms. However, the leading role of the state sector was reconfirmed in the 
Ninth Party Congress in 2001 (Vietnamese Communist Party 2001 ). This explains why 
the non-state sector still faces an unfair competitive environment and can not achieve 
the robust development. 
Easier entry during this period pushed the number of non-state registered firms up to a 
high level (Table 2.4, page 34). Furthermore, the passing of the new Law on 
Cooperatives (2003) led to an increase in the number of cooperatives. In the period from 
2000 to September 2003 alone, the number of non-state registered firms, including 
cooperatives, sole-proprietorships, limited and shareholding companies was almost 
double that in the previous decade, from 45,000 to 83,890 firms (Carlier and Tran 
2004a: 1-2). For household enterprises, there have been no officially published figures 
so far. According to World Bank working paper No.30434 (Carlier and Tran 2004a: 6), 
the number of informal non-state and household enterprises may be up to 2 million at 
the end of 2002. If this figure is correct, the non-state sector in Vietnam is 
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characterised mainly by household firms, which account for around 95% of total non-
state firms (calculation based on the number of non-state registered firms). 
Despite the ease of entry barriers, constraints towards firms' operation remained. In 
addition, the financial crisis in East Asia in 1998 caused a half decline in FDI and GDP 
of Vietnam in both 1998 and 1999 in compared with the previous period (see Figure 
2.2, page 32). This led to a contraction of both external tradable activities and domestic 
aggregate demand. The less favourable economic environment and the increasing 
competition as a result of the considerable rise in the number of non-state firms 
increased the number of loss-makers (World Bank 1999b). According to the GSO, the 
number of operating firms was equal to nearly half of the registered establishments 
(second line in Table 2.4, page 34). 
To promote the development of the non-state sector, the Vietnamese government 
implemented the SOEs reform program with a particular focus on privatising SOEs and 
promoting the non-state sector. As a result, Resolution 05 9 of the Ninth Central Party 
Committee 10 in 2002 on reforming mechanisms and policies to stimulate the 
development of the private sector, and Decision 94/2002/QD-TTG11 on 17th July 2002 
about government programs to implement Resolution 05 were issued. Government 
attention was also addressed to SMEs as they accounted for more than 99% of the non-
state sector (GSO 2003). Consequently, a program that supports SMEs was 
9 Translated from the Vietnamese: 'Nghi quyet H()i nghi !fut thu 5 Ban Chfrp Hanh Trung lf ong Dang 
kh6a IX ve tiep t\lC d6i m6i CO' che, chinh sach, khuyen khich va t~o dieu kien phat trien kinh te tu nhan'. 
1° Central Party Committee members are elected through the Communist Party Congress. They meet 
every two months to specify the Party Congress' strategy into Resolutions. 
11 Translated from the Vietnamese: 'Quyet dtnh s6 94/2002/QD-TTG ngay 17/07/2002 ve chuong trinh 
hanh d()ng cu.a chinh phii th\fc hien Nghi quyet hQi nghi !fut thu 5 Ban Chfrp Hanh Trung lf ong Dang 
kh6a IX v8 tiep t\lC d6i m&i CO' che, chinh sach, khuyen khich va t~o dieu kien phat trien kinh te tu nhan'. 
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implemented following the government Decree No.90/2001/CP-ND 12 on supporting the 
development of SMEs. 
The most valuable legal document which reflects government efforts in creating a 'level 
playing field' is the new enterprise law in 2005. This law is applied for all kinds of 
enterprises regardless of their economic sectors. Limited and shareholding companies in 
which the state holds less than 50% of legal capital also operate under this law. 13 
Recently, the Tenth Party Congress, in March 2006, confirmed supporting programs for 
SMEs and the sentence "preserving the leading role of the state sector" was removed 
(Vietnamese Communist Party 2006). This promises more favourable economic 
conditions for the sustainable development of the non-state sector in the future. 
2.4 The non-state sector 
2.4.1 Characteristics 
Ownership structure and economic activities 
The non-state sector in Vietnam consists of a small part of formal private enterprises 
and cooperatives, and a major part of informal household businesses. At the beginning 
of the reform process, private ownership types were more concentrated under the form 
of sole-proprietorships. Calculations based on the number of firms in Panel A, Table 2.5 
(page 35) show that this ownership form accounted for more than 70% (72.09% from 
1991to1993, and 78% in 1994). Multiple owners (limited and shareholding companies) 
12 Translated from the Vietnamese: 'Nghi djnh cua Chinh phu s6 90/2001/ND-CP ngay 23 thang 11 niim 
2001 v6 trq giup phat tri@n doanh nghi~p vira va nh6'. 
13 Before 2005, the enterprise law was applied only for domestic private enterprises. SOEs and FIEs 
operated under the law on SOEs and the foreign investment law. 
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were limited, reflecting the risky business environment as well as the insecure property 
rights. Economic activities were also concentrated in manufacturing industry, trade and 
services, finance, and construction (Panel A, Table 2.5, page 35). Although new 
registered enterprises were outnumbered by private enterprises, their registered capital 
was small compared with that of SOEs (Panel B, Table 2.5). This suggests that private 
enterprises are equipped with less mechanised capital and are concentrated in labour-
intensive areas. 
Within the manufacturing industry, non-state enterprises concentrate on food 
processing, construction materials, and wood products (Table 2.6, page 36). It is 
understandable because these industries require low capital investment, have low risk 
and generate high interest. Entry to more high-tech industries such as equipment and 
machinery, electronics, and chemical industries seems to be constrained because of lack 
of capital and the monopoly of the state sector during this period. Constraints facing 
non-state enterprises will be studied further in Section 2.4.3. 
Efforts of the Vietnamese government in creating a sound business and policy 
environment have affected the ownership structure. According to the countrywide 
enterprise surveys carried out from 2000 to 2004 by the GSO, the percentage of 
mul~tiple ownership types including limited and stock companies has increased 
significantly, whereas the percentage of sole-proprietorships has reduced from 58.70% 
in 2000 to 35.69% in 2004 (Table 2.7, page 37), much lower compared to the more than 
70% at the beginning of the reform process. 14 This decrease can be partly explained by 
the inverse transformation from sole-proprietorships to household firms to benefit from 
14 It should be noted that the ownership structure in Table 2. 7 does not include cooperatives. If this kind 
of ownership is added, the proportion might be changed. 
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tax advantages 15 and avoid an over-regulated environment towards private firms. 
Though the number of private ownership types has increased considerably, the non-state 
sector is still dominated by household enterprises, which accounted for 98.84% of the 
non-state sector in 1999 (GSO 2002). 
In contrast to ownership structure, the distribution of economic activities has not been 
changed much during this period compared with the beginning period of the reform 
process. Firms have still concentrated in trade, hotel and food processing industries 
(World Bank 2004). This suggests that lack of capital and human resources, as well as 
the state sector monopoly, constrain non-state enterprises to engage in high-tech and 
" -·\,., 
high-return industries. In addition, most non-state enterprises produce products for 
domestic markets. They neither engage much in export activities nor compete with 
imports (Kokko and Tingvall 2005). 
Firm size and technology 
Generally, the domestic non-state sector stays small compared to the state and foreign 
invested sectors. According to the enterprise countrywide surveys from 2000-02 by the 
GSO (2003), nearly 99% of non-state enterprises are at small and medium scale, having 
up to 300 workers (as shown in the bottom of Table 2.8, page 38). Of these, more than 
90% have up to 50 workers and a capital of under 10 billion VND 16 (bottom of Tables 
2.8 and 2.9, pages 38, 39). Figures in Table 2.10 (the first and fourth column, page 40) 
show that, on average, non-state enterprises employed 29.74 workers during the 2000-
15 In Vietnam, household enterprises are not required to retain accounting records for calculation ofvalue-
added and profit taxes, but pay lump-sum taxes to local authorities (MPI-UNIDO 1999) 
16 VND is Vietnamese currency. The exchange rate in 2000 is: US$ 1 = 14 168 VND. 
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04 period, one twelfth of that of state enterprises and one ninth of that of foreign 
invested companies. Among non-state ownership types, limited and shareholding 
companies are the largest. 
Domestic non-state enterprises are far behind SOEs and FIEs not only in terms of 
labour, but also in terms of capital. For instance, figures in Table 2.10 show that 
working capital, fixed assets and long-term financial investment per unit of labour of 
non-state enterprises are much smaller than those of SO Es and FIEs. Less capital is also 
reflected in Table 2.11 (page 41) where non-state enterprises, particularly cooperatives, 
are found to use the highest proportion of only hand tools in 1998. This suggests that the 
non-state sector possesses obsolete technology. 
2.4.2 Performance 
Reducing poverty 
Though the number of non-state enterprises has risen significantly, they are 
concentrated in some developed areas such as the Red River Delta (especially Hanoi, 
the capital), the south east, and the Mekong River Delta (especially Ho Chi Minh City, 
the biggest commercial city in the country). Based on the Vietnam household living 
standards surveys (VHLSS) 1992 and 1998, Vijverberg (1998) and Vijverberg and 
Haughton (2002) give evidence of higher standards of living and participation in a non-
farm household enterprises. Moreover, the report written by Steer and the Centre for 
International Economics (Steer and CIE 2001) states that regions with higher numbers 
of registered private enterprises have relatively low poverty rates. However, this result 
must be examined further as regions with higher concentration of non-state enterprises 
are also home to higher proportions of SOEs and FIEs (World Bank 2004). 
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Generating employment 
One of the biggest issues for the Vietnamese leader is to create jobs for the expanding 
labour force, of which more than 50% are untrained and unskilled workers (World Bank 
2004). Furthermore, labour redundancies from the state sector following the 
privatisation and the movement of unskilled workers from rural to urban areas are 
pressing concerns, as to how to create enough jobs for these workers. Non-state 
enterprises have become a good part of the solution. According to the annual 
countrywide enterprise surveys carried out during the period 2000-2004 by the GSO, 
the percentage of employment in non-state enterprises has increased from 33.26% in 
2000 to 52.39% in 2004 (Panel B Table 2.12, page 42). On the other hand, the 
proportion of jobs in the state sector has decreased because of privatisation. It should be 
noted that the GSO collects data from formally registered firms, so the data may miss a 
proportion of employment in household and informal private enterprises. If these 
enterprises are added, the proportion of jobs created by the non-state sector may be 
considerably higher than the published figures. The VHLSS 1997-8 find that the non-
state sector employed more than 64% of industrial workers in 1997. Given these facts, 
the non-state sector plays an important role in generating employment for the whole 
economy. 
Efficiency and contribution to GDP 
The enterprise countrywide surveys 2000-2 conducted by the GSO reveal that among 
ownership types, the non-state sector exhibits the highest percentage of loss-making 
enterprises (20.4%) and the lowest ratio of profit per unit of capital. Figures in Table 
2.13 (page 42) also indicate that non-state enterprises have lower revenue per unit of 
labour than SO Es. These figures make non-state enterprises appear to be less efficient 
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than SOEs. However, if we compare differences between capital and revenue per unit of 
labour, the performance of non-state firms is not trivial. For instance, in 2000, while 
non-state enterprises used nearly one-third the capital of SOEs, they produced similar 
revenue per unit oflabour. 
Despite the increasing number of firms, the contribution to GDP of the non-state sector 
during this period is diminishing (Table 2.14, page 43). A possible explanation is the 
increasing contribution to GDP of the foreign invested sector. Nevertheless, the results 
raise concerns about the sustainable growth of the non-state sector and its role as the 
core component of the economy. Chapters 3 and 4 give a deep insight into the 
performance of this sector. 
2.4.3 Constraints 
Despite the easing of entry barriers and the improvement in the business environment, 
non-state enterprises still face many constraints towards their operation and 
development. Limited access to factors of production such as land and capital, lack of 
market opportunity and information on markets, insufficient transparency in the existing 
legal framework leading to red tape and the discretion of state officials, unskilled 
workers and managers as well as negatively biased social norms, are all hindrances. 
Capital 
Given the fact that most non-state enterprises own obsolete technology and are short of 
both working and fixed capital, access to government loans, especially low interest rate 
credits, is the critical condition for firms to develop. In the surveys on non-state SMEs 
carried out by ILSSA in 1991, 1996 and 2001, the majority of firms consider lack of 
capital as the major constraint to their development. The countrywide enterprise 
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surveys in 2000-2 by the GSO show that the proportion of credit capital of all 
ownership types accounts for 38% of the increasing investment capital. This credit 
capital is mainly provided to SO Es and FIEs. A very minor proportion of credit capital 
comes to non-state enterprises. 
Limited access to capital is attributed to complicated procedures and harsh requirements 
on collateral biased towards non-state enterprises. While SOEs can use any of their 
assets, including business contracts, as collateral, banks accept only land use right as 
collateral if borrowers are non-state enterprises and most do not have this. Machinery 
and business contracts are not accepted as collateral. In addition, to be an eligible 
candidate, firms must have a profile of long-term operation. This is impossible for non-
state enterprises as the non-state sector was legally recognised only a decade ago. 
Land 
According to the industrial countrywide survey in 1998 by the GSO, on average, an 
SOE has 1610 square metres (m2) of premises and land, a FIE has 550 m2, whereas a 
non-state enterprise has only 170 m2• While SOEs do not use all their premises, non-
state firms experience a lack of sufficient premises to develop their operation (World 
Bank 2004). 
The survey of 300 non-state firms in Hanoi and surrounding areas carried out by the 
World Bank in 2004 draws a gloomy picture about the development of the non-state 
sector due to lack of land. The survey reveals that most firms interviewed are concerned 
about premises constraints and consider this an obstacle for their robust development. 
Non-state firms complain that it takes time for them to find appropriate premises, but 
the rent contract term is often short as landlords expect to raise rents in the near future. 
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To have large premises for their production processes, non-state firms have to rent from 
SOEs or in industrial zones, or they must find places in other provinces. However, 
SO Es can not lease their premises formally. Furthermore, due to lack of infrastructure in 
industrial zones and other provinces, as well as complicated procedures and highly 
informal costs, most non-state enterprises give up their expanding production plans 
(Carlier and Tran 2004a). 
Market opportunity 
Another obstacle for non-state enterprises is access to markets. To survive and grow, 
firms need a larger market share. However, the enterprise countrywide surveys in 2000-
2 by the GSO reveal that 48% of firms find it hard to access market information (World 
Bank 2004). Carlier and Tran (2005) find that important market opportunities, for 
instance, public bidding contracts, are designed deliberately to be biased in favour of 
SOEs. Moreover, promoting commercial contracts between non-state enterprises and 
larger firms such as SOEs or FIEs is limited due to lack of an efficient judiciary system 
to protect property rights and solve economic disputes in Vietnam. Support from 
government to access market information is inefficient. Non-state firms have to rely on 
their own personnel while most of their managers lack marketing and management 
skills. 
Discretion of tax officials 
Lack of transparency in the existing legal system causes red tape and the discretion of 
officials in government bodies. These result in many problems for non-state firms. Tax 
officials often visit firms, reasoning that non-state enterprises are dishonest and have 
'tax fraud' behaviour. The time a firm needs to receive tax officials requires a full-time 
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employee to take charge of this duty. Furthermore, the existing legal system in Vietnam 
requires that a formal transaction should be justified by a 'red invoice' 17 and the 
procedure of getting a 'red invoice book' is very complicated and costs time (see Carlier 
and Tran (2004a) for more detail). In addition, arbitrariness by tax officials in 
determining what items and how much could be deducted as expenses, is very common. 
To avoid these troubles, firms choose bribes as the most efficient solution. This, in tum, 
causes no motivation for firms to report their genuine financial situation. Consequently, 
they lose potential investors and opportunities to access credit. 
Unskilled workers and inefficient out-sourcing services 
The majority of the labour force in the non-state sector is unskilled and has a low 
training level. Except for a small proportion, people often engage in the non-state sector 
after failing to get jobs in SO Es or FIEs. This stems from social norms, which consider 
non-state enterprises as dishonest and vulnerable (Webster 1999), contributing to biased 
attitudes towards the non-state sector from public and government bodies. 
Given poorly trained workers and managers, non-state firms can benefit from 
outsourced services. Yet, free business development services from the government are 
of low quality and often cannot meet firms' need. Also, paid services are too expensive 
for their quality (Service-Growth Consultants Inc and Thien Ngan Co.Ltd 1998). In 
addition, firms lack information about business development services and their roles 
towards enterprise development. Even worse, firms hesitate to use outsourcing fearing 
that their internal information may benefit rivals (GTZ-VCCI-Swisscontact 2002). 
17 The 'red invoice' is considered formal and approved by the state budget in Vietnam. It is red and issued 
by the Ministry of Finance. 
29 
Consequently, non-state enterprises relying on their in-house services need to employ 
more staff, which increases costs of labour. This weakens their competitiveness. 
2.5 Conclusion 
This chapter provides an investigation of the historical development, general 
characteristics, performance and constraints facing the non-state sector in Vietnam. 
'Doi moi' economic reforms in 1986 created a legal framework for the formation and 
development of the non-state sector. Since then, a number of legal decrees have been 
issued aiming at building a better policy environment for non-state firms to develop. 
However, the emphasis on the 'leading role' of the state sector causes an 'uneven 
playing field' between economic sectors. 
The non-state sector in Vietnam consists of a small proportion of private enterprises and 
cooperatives, and a larger proportion of household businesses. At the beginning of the 
reform process, the ownership structure of private enterprises was concentrated in sole-
proprietorships. Their activities were also focused in labour-intensive areas with low 
capital investment such as food processing, trade and services. Policy changes have 
promoted the development of more evolved ownership types including limited and 
shareholding companies. However, there has also been an inverse transformation from 
sole-proprietorships to household firms to avoid the over-regulated environment. In 
addition, economic activities have not changed much, suggesting that there are still 
obstacles in some economic areas. 
Generally, non-state enterprises are small in terms of both labour and capital compared 
to the state and foreign invested sectors. Although they perform well in generating jobs 
and there has been a significant increase in the number of new entry firms, their 
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contribution to industrial output and GDP 1s modest, raising concerns about their 
economic performance. 
Despite the easing of entry barriers for firms, constraints towards the operation and 
development of non-state enterprises still remain. Capital shortages, limited access to 
capital, land, market opportunities and information, all impede the development of non-
state firms. The discretion of government officials, especially tax officials,. unskilled 
workers and managers, as well as social norms, are also hindrances. The second round 
of the reform focusing on promoting sustainable development of the non-state sector, 
especially the removal of the emphasis on 'preserving the leading role of the state 
sector', promises a fair competitive environment and the sustainable development of the 
non-state sector. 
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Table 2.2 Number of non-state industrial establishments (at 01 Jan annuall~), 1986-1992 
Year Total SO Es Cooperatives Sole proprietorships Household firms 
Panel A: Absolute value 
1986 41 357 3 141 37 649 567 NIA 
1987 37 609 3 157 33 962 490 NIA 
1988 354 020 3 111 32 034 318 318557 
1989 359 506 3 020 21 901 1 248 333 337 
1990 393 518 2 762 13 086 770 376 900 
1991 459 158 2 599 8 829 959 446 771 
1992 377 105 2 268 5 723 1 114 368 000 
Panel B: Percentage 
1986 100 7.59 91.03 1.37 NIA 
1987 100 8.39 90.30 1.30 NIA 
1988 100 0.88 9.05 0.09 89.98 
1989 100 0.84 6.09 0.35 92.72 
1990 100 0.70 3.33 0.20 95.78 
1991 100 0.57 1.92 0.21 97.30 
1992 100 0.60 1.52 0.30 97.59 
Note: NI A: not available 
Source: GSO (1994) 
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Table 2.3 Number oflicensed business by ownership kind, 1991-1994 
Total From 1991 to the end 1994 
(To the end of 1994) of 1993 
Number Registered Number Registered Number 
of firms capital offrrms capital offrrms 
(Bill.VND) (Bill.VND) 
Total 19 025 6 620.8 12 180 4 700.6 6 845 
Sole 13 772 2 000.2 8 684 1 321.2 5 088 
proprietorships 
Limited 5 120 3 598.8 3 390 2 572.7 1 730 
companies 
Shareholding 133 1 021.8 106 806.7 27 
companies 
Source: Statistical year book (GSO 1994) 
Table 2.4 Number of registered and operating firms, 2000-2002 
I. Number of registered firms* 





Share holding companiesa 
31/12/2000 31/12/2001 31/12/2002 
59,413 80,453 101,988 
34,695 43,839 54,655 
3,237 3,646 4,104 
20,548 22,777 24,794 
10,458 16,291 23,485 
452 1,125 2,272 
Note: (8) This kind of ownership includes only non-state shareholding, not 
companies with state stockholders. The total number, hence, may 
differ slightly from the figures published by the GSO. 
Source:(*) Ministry of Planning and Investment (2003) 









Table 2.5 Number of licensed enter~rises bl: ownershiJ! type and economic activity from 1991 to 1994 
Ownership types Sole Ltd. Stock SO Es Total Sole Ltd. Stock SO Es Total 
proprietorship company company proprietorship company company 
Economic activities Panel A: Number of firms Panel B: Registered capital(%) 
From 01/01/1991 to end of 1993 From 01/01/1991 to end of 1993 
Total 8506 3197 96 4602 16401 4.44 8.41 2.63 84.52 100.00 
Agriculture, forestry 74 42 4 789 909 1.24 1.84 0.10 96.82 100.00 
Fishery 908 23 2 66 999 22.59 6.44 7.73 63.24 100.00 
Mining 9 4 0 58 71 0.43 3.94 - 95.63 100.00 
Manufacturing 3083 1083 27 1903 6096 
industry 3.90 6.90 0.79 88.40 100.00 
Construction 676 447 8 750 1881 7.62 14.89 1.59 75.90 100.00 
Trade, services 1306 1538 16 907 3767 3.59 15.80 0.64 79.97 100.00 
Hotel 80 56 0 64 200 9.25 20.51 - 70.24 100.00 
Finance, credit 2370 4 39 65 2478 9.16 0.25 36.57 54.02 100.00 
1994 1994 
Total 6097 1646 30 333 8106 13.30 19.06 4.51 63.12 100.00 
Agriculture, forestry 21 23 1 28 73 1.68 6.64 0.49 91.19 100.00 
Fishery 1163 11 1 4 1179 90.97 3.78 2.42 2.83 100.00 
Mining 2 5 0 4 11 0.04 0.71 - 99.25 100.00 
Manufacturing 2103 391 7 159 2660 
industry 7.50 13.78 1.31 77.42 100.00 
Construction 253 217 2 39 511 15.75 47.61 10.11 26.53 100.00 
Trade, services 710 929 9 74 1722 12.39 42.34 4.67 40.60 100.00 
Hotel 131 65 0 23 17.49 15.75 - 66.76 100.00 
Finance, credit 1714 5 10 2 1731 55.26 0.43 43.98 0.33 100.00 
Source: GSO (1994) 
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Table 2.6 Percentage of O[!erating firms b~ industr~ from 1990 to 1993 
1990 1991 1992 1993 
Private enterprises 
Total 100.00 100.00 100.00 100.00 
Equipment and machinery 3.38 3.65 1.89 3.52 
Electronics 1.82 1.36 0.90 1.08 
Metallic products 2.60 2.29 1.97 1.96 
Chemical 3.64 3.23 2.60 3.28 
Construction materials 13.77 22.52 23.52 13.91 
Wood and wood products 18.44 16.48 22.17 12.16 
Food processing 45.84 37.96 21.54 51.20 
Textile 5.58 4.59 17.68 6.92 
Other 4.94 7.92 7.72 5.96 
Cooperatives 
Total 100.00 100.00 100.00 100.00 
Equipment and machinery 4.05 4.86 5.33 5.01 
Electronics 0.83 1.01 0.86 0.81 
Metallic products 9.21 10.98 10.90 10.89 
Chemical 6.07 7.79 8.26 7.45 
Construction materials 21.41 22.31 20.28 18.50 
Wood and wood products 12.41 11.67 11.81 10.42 
Food processing 27.07 21.66 21.97 32.08 
Textile 11.62 11.62 12.85 7.32 
Other 7.33 8.11 7.75 7.51 
Household enterprises 
Total 100.00 100.00 100.00 100.00 
Equipment and machinery 4.75 3.86 2.82 1.90 
Electronics 1.38 1.22 0.94 0.27 
Metallic products 7.11 6.95 4.92 4.63 
Chemical 1.18 0.96 1.00 0.78 
Construction materials 7.74 8.34 11.16 11.93 
Wood and wood products 16.21 16.11 18.17 19.56 
Food processing 35.93 36.61 40.14 39.11 
Textile 19.66 19.08 14.58 14.00 
Other 6.04 6.87 6.28 7.81 
Source: GSO (1994) 
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Table 2.7 Non-state ownership structure from 2000 to 2004 
2000 2001 2002 2003 2004 
Number of non-state enterprises 35004 44314 55236 64526 84003 
Total percentage 100.00 100.00 100.00 100.00 100.00 
Cooperatives 9.25 8.23 7.43 6.43 6.37 
Sole proprietorships 58.70 51.40 44.89 39.76 35.69 
Partnerships t 0.01 0.01 0.04 0.03 0.02 
Limited companies 29.88 36.76 42.52 46.75 48.71 
Stock companies with State shareholder 0.87 1.06 1.01 1.04 0.97 
Stock companies 1.29 2.54 4.11 6.00 8.24 
Note: f This new legal form of partnerships differs from that existed at the beginning of the 
reform process. They were more evolved and defined, and added to the private sector in 
the enterprise law in 1999. 
Source: The countrywide enterprise surveys 2000-2004 (GSO). These surveys do not collect 
data from household enterprises. 
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Classified bv number of workers 
Number 
of firms Upto5 5-9 10-49 50 -199 200 - 299 300 - 499 500 - 999 1000- 5000 to 4999 more 
Total 34695 10132 10772 10447 2599 282 227 147 87 2 
+ Cooperative 3237 114 993 1472 493 50 49 45 21 
+ Sole proprietorships 20548 9203 6014 4659 583 42 33 8 6 
+ Limited companies 10458 801 3683 4137 1390 175 132 85 53 2 
+Shareholding companies 452 14 82 179 133 15 13 9 7 
. 2001 
Total 43839 11742 13750 14074 3357 371 280 165 96 4 
+ Cooperative 3646 191 1249 1607 469 51 37 30 12 
+ Sole proprietorships 22777 9384 7020 5564 701 54 35 13 6 
+ Limited companies 16291 2042 5295 6429 1944 228 179 105 65 4 
+Shareholding companies 1125 125 186 474 243 38 29 17 13 
2002 
Total 55236 12005 17992 19130 4735 538 445 269 117 5 
+ Cooperative 4104 173 1309 1960 524 59 43 29 7 
+ Sole proprietorships 24794 9166 7989 6600 889 72 46 26 6 
+ Limited companies 23485 2431 8159 9499 2632 299 253 142 65 5 
+Shareholding companies 2272 226 524 948 436 56 40 26 16 
Source: From the website ofGSO (www.gso.gov.vn/surveys/industry/firms classified by number of workers [cac cu('>c dieu tra/doanh nghi~p/so lm;mg 
doanh nghi~p phan theo qui mo lao d('>ng] 









Table 2.9 N b . , I loved. 2000 
-
Number Classified by capital employed (Bill.VND) 
of firms 
Up to 0,5 0,5 -1 1 - 5 5 -10 10 -50 50 -200 200 - 500 500 more 
Total 34695 16112 6334 9239 1569 1240 170 21 
+ Cooperative 3237 1208 467 1240 187 122 12 1 
+ Sole proprietorships 20548 13058 3648 3383 310 137 11 1 
+ Limited companies 10458 1798 2183 4420 1012 905 125 14 
+Shareholding companies 452 48 36 196 60 76 22 5 
2001 
Total 43839 18039 8252 13191 2247 1820 255 27 
+ Cooperative 3646 1406 491 1399 217 124 7 2 
+ Sole proprietorships 22777 12764 4536 4821 438 201 15 1 
+ Limited companies 16291 3672 3097 6527 1453 1335 188 18 
+Shareholding companies 1125 197 128 444 139 160 45 6 
2002 
Total 54655 18454 10846 18856 3353 2699 387 48 
+ Cooperative 4104 1486 587 1588 280 158 4 1 
+ Sole proprietorships 24794 12248 5316 6300 608 299 20 3 
+ Limited companies 23485 4443 4678 9975 2152 1916 284 32 
+Shareholding companies 2272 277 265 993 313 326 79 12 
Source: From the website ofGSO (www.gso.gov.vn/surveys/industry/firms classified by capital [cac cu()c dieu tra/doanh nghi?p/so luqng doanh 
nghi?p phan theo qui mo ngu6n v6n] 
















Table 2.10 Firm characteristics by ownership types in 2000 and 2004 
2000 2004 
Average Working Fixed assets Average Working Fixed assets 
labour capital per &LTt labour capital per andLT 
(number of labour financial (number of labour (billion financial 
workers) (billion investment workers) VND) investment 
VND) per labour per labour 
(billion (billion 
VND) VND) 
(1) (2) (3) (4) (5) (6) 
Total 83.64 0.28 0.12 62.89 0.34 0.13 
SO Es 362.66 0.32 0.11 489.53 0.50 0.16 
Central SOEs 629.52 0.44 0.14 771.42 0.64 0.19 
Local SOEs 213.25 0.12 0.06 278.63 0.22 0.11 
Non-state enterprises 29.74 0.09 0.03 29.47 0.17 0.06 
Cooperatives 56.31 0.04 0.02 29.51 0.08 0.03 
Sole proprietorships 11.50 0.07 0.03 14.41 0.10 0.04 
Partnerships 28.25 
- 0.05 21.19 0.28 0.08 
Limited companies 49.42 0.09 0.03 34.06 0.15 0.06 
Stock companies with state share 202.86 0.17 0.05 225.83 0.42 0.12 
holder 
Non-state stock companies 96.43 0.45 0.08 44.44 0.28 0.08 
Foreign invested companies 267.26 0.56 0.36 331.07 0.40 0.23 
Firms with 100% foreign 334.87 0.29 0.16 370.52 0.25 0.13 
investment 
Joint-venture with foreisn ,eartner 181.21 1.20 0.85 218.85 1.10 0.70 
Source: Enterprise countrywide surveys in 2000 and 2004 (GSO) 
Note: t LT: long term. 
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Table 2.11 Number of industrial firms by technology and ownership types, 1998 
Total Proportion of enterprises by 
(number) technology 
Power Manually Only hand 





Total 9299 21.51 62.30 16.19 
Central SOEs 569 37.96 60.11 1.93 
Local SOEs 1252 32.67 59.66 7.67 
Cooperatives 949 9.28 48.25 42.47 
Sole proprietorships 4213 10.09 72.63 17.28 
Limited companies 1438 26.91 57.37 15.72 
Stock companies with state shareholder 33 24.24 63.64 12.12 
Stock companies 30 23.33 63.34 13.33 
Foreign invested companies 435 51.73 41.83 6.44 
Joint-venture between State and foreign 294 62.93 35.71 1.36 
Joint-venture between private and foreign 76 51.32 46.05 2.63 
Joint-venture between mix of economic sectors 10 60.00 40.00 0.00 
Source: The countrywide enterprise survey 1998 (GSO) 
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Table 2.12 Percenta;e of em2Io~ment b~ economic sectors, 2000-2004 
Economic sector 2000 2001 2002 2003 2004 
Panel A: Number 
Total 3 129 433 3 443 939 3 966 715 4 314 833 4 725 350 
State sector 2 088 531 2 114 324 2 260 306 2 264 942 2 249 902 
Domestic non-state sector 1040902 1 329 615 1706409 2 049 891 2 475 448 
Panel B: Percentage 
Total 100.00 100.00 100.00 100.00 100.00 
State sector 66.74 61.39 56.98 52.49 47.61 
Domestic non-state sector 33.26 38.61 43.02 47.51 52.39 
Source: the countrywide enterprise surveys: 2000-4 (GSO) 
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Table 2.13 Revenue per unit of labour by ownership types, 2000-2004 l 
(Billion VND/labour) 
2000 2001 2002 2003 2004 
Total 0.21 0.21 0.25 0.27 0.29 
SO Es 0.21 0.22 0.27 0.29 0.32 
•Central SOEs 0.24 0.25 0.32 0.34 0.36 
•Local SOEs 0.16 0.16 0.18 0.20 0.25 
Non-state enterprises 0.20 0.20 0.21 0.24 0.26 
• Cooperatives 0.05 0.07 0.07 0.08 0.07 
• Sole proprietorships 0.30 0.28 0.27 0.27 0.32 
• Partnerships 0.21 0.29 5.78 15.89 0.09 
• Limited companies 0.20 0.20 0.22 0.24 0.26 
• Stock companies with State shareholder 0.17 0.19 0.20 0.26 0.34 
• Stock companies 0.14 0.16 0.17 0.21 0.24 
Source: The countrywide enterprise surveys: 2000-2004 (GSO) 
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Table 2.14 Contribution to GDP by ownership types(%) 
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Ownership types 
SO Es 40.18 39.93 40.48 40.00 38.74 38.52 38.40 38.38 39.08 39.10 
Non-state enterprises 53.52 52.68 50.45 49.98 49.03 48.20 47.84 47.86 46.45 45.76 
Cooperatives 10.06 10.03 8.91 8.90 8.84 8.58 8.06 7.99 7.49 7.09 
Private enterprises 7.44 7.40 7.22 7.24 7.26 7.31 7.95 8.30 8.23 8.49 
Individual businesses 36.02 35.25 34.32 33.83 32.93 32.31 31.84 31.57 30.73 30.19 
Foreign invested companies 6.30 7.39 9.07 10.03 12.24 13.27 13.76 13.76 14.47 15.13 
Source: From the website of GSO (www.gso.gov.vn/statistics/national account/ contribution to GDP by ownership [so li~u thong ke/tai khoan qu6c gia/ccr 





Effects of family labour, location and government support 
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3.1 Introduction 
The non-state sector in Vietnam has played an important role in reducing poverty and 
generating jobs, especially for low skilled labour from rural areas (Webster and Taussig 
1999; World Bank 1999a; Kokko and Sjoholm 2004; Rand et al. 2004; Schaumburg-
Muller 2005). Nevertheless, its contribution to GDP has diminished, from 53.52% in 
1995 to 48.20% in 2000 and 45.76% in 2004 (GSO 2005). In addition, constraints 
facing non-state enterprises have impeded this sector to grow to a larger scale. Until 
2002, the non-state sector was still characterised as small scale with more than 90% of 
firms employing up to 50 workers (GSO 2003). 
Concerns about the non-state sector performance has generated a series of papers 
analysing qualitatively the effects of market oriented policies on non-state firm 
performance such as MPI-UNIDO (1999), Sakai and Takada (2000), Steer and CIE 
(2001), Schaumburg-Muller (2005) and CIEM (2006). The examination is recently 
extended to the quantitative analysis of the non-state sector performance (Vijverberg 
1998; Vijverberg and Haughton 2002; Gustavsson and Kokko 2004; Hansen et al. 2004; 
Kokko and Sjoholm 2004). However, questions remain as to the effects of market 
policies on firm efficiency and factors, including location and government support that 
have contributed to improve efficiency across industries. Answers to such questions 
provide guidance to promote efficient performance of the non-state sector. 
This chapter uses the data of non-state manufacturing SMEs collected by ILSSA of 
Vietnam in collaboration with the SSE of Sweden in 1991, 1996 and 2001 and the 
stochastic frontier approach to investigate technical efficiency (TE) of non-state firms. 
The results provide insights as to what contributes to improved performance and what 
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might be done to improve firm technical efficiency. 
The remainder of the chapter is organised as follows. Section 3.2 outlines the basic 
concept of TE and its determinants in the manufacturing sector. Section 3.3 reviews the 
theoretical framework of the stochastic frontier method based on which econometric 
estimates of production and inefficiency functions are performed. A brief description of 
data and variables is given in Section 3.4. Section 3.5 characterises econometric models. 
Empirical results are provided in Section 3.6 and Section 3.7 concludes. 
3.2 Technical efficiency: basic concept and its determinants 
3.2.1 The basic concept of technical efficiency 
TE of an individual firm can be defined as the ratio of its actual/observed output to the 
maximum output that the firm can obtain given the input level and production 
technology. Maximum output can be achieved if the firm can apply best practice 
techniques and if it faces no constraints from the environment in which it operates. In 
this case, the firm is fully technically efficient. The maximum or frontier output can be 
estimated using either the parametric method such as the stochastic frontier approach 
(SF A) or non-parametric method as data envelopment analysis (DEA). Firms that 
operate below the frontier production function (FPF) are technically inefficient. The gap 
between the actual and frontier output is referred to as technical inefficiency and is 
caused by various determinants including non-price, organisational and institutional 
factors. 
3.2.2 Determinants of technical inefficiency 
Pitt and Lee (1981) provided a pioneering empirical work that studies the effects of a 
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firm's attributes including firm size, age and ownership on TE. Using pooled data 
obtained from individual Indonesian weaving firms in 1972, 1973, and 1975, they 
applied the SF A with two-stage analysis 18 and found a positive relationship between 
firm size and efficiency. In contrast, the correlation between firm age and efficiency is 
negative. They also found that domestic firms performed better than foreign ownership 
enterprises. 
Following Pitt and Lee (1981), Little et al. (1987) applied the same methodology of a 
two-stage analysis to examine the effects of factors such as firm size, age, worker and 
owner experience, and owner education level on TE. Using cross-sectional data 
obtained from firm surveys in five manufacturing industries (shoemaking, printing, 
soap, machine tooling and metal casting) in India in 1977, Little et al. found no 
relationship between firm size and TE in all industries, except for machine tooling 
industry. They concluded that the relationship between firm size and TE for small 
industries may be either positive or negative depending on how superior or inferior was 
organisation ability. The relationship between firm age and TE was also insignificant 
and human capital had either positive or insignificant effects. Little et al., then, 
suggested that entrepreneur marketing and financial management skills are more 
important for small and handicraft industries. 
The development of the SF A of Kumbhakar et al. (1991) and Reifschneider and 
Stevenson (1991) to analyse the determinants of technical inefficiency in one stage 
since 1991 has induced a series of papers in the efficiency area. Admassie and 
18 The stochastic frontier approach with two-stage analysis runs the frontier production function first, 
then, regresses the predicted inefficiency effects or technical efficiency level on its supposed 
determinants. However, this approach is noted as inconsistent by Kumbhaka et al. ( 1991) and 
Reifschneider and Stevenson ( 1991 ). 
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Matambalya (2002), using cross-sectional data from a small and medium enterprises 
(SMEs) survey in Tanzania in 1991, found that younger firms were more efficient and 
the effect of firm size on TE was mixed. The effect of human capital, as proxied by the 
average duration of training of labour and management, is mixed as well. 
Similar results were found in Asia countries for SMEs. Wiboonchutikula (2001) found 
that small firms were more efficient in Thailand, while Yao (1998), and Mini and 
Rodriguez (2000) revealed the inverse relationship in China and the Philippines. A 
negative impact of firm age on TE is found in Kalirajan and Hill (1993) for the 
Indonesian garment industry in 1986. Other papers such as Liu and Liu (1996), Kong et 
al. (1999), and Vu (2003) provide empirical evidence on the effect of the performance 
bonus system on firm TE. 
The effects of urban location are considered to be positive on firm performance as firms 
can benefit from better educated workers, well-informed information and a more 
accessible technology market. However, Glancey (1998) argues that firms located in 
urban areas may face higher factor prices due to greater competition for factors of 
production, especially land and labour, hence, may be less efficient than those in rural 
areas. Empirical evidence in Liu and Liu (1996), Kong et al. (1999), and Vu (2003) 
support Glancey's argument. 
Studies on the impact of government support including financial provision, technical 
and marketing consultation, training workers and managers, and facilitating 
subcontracts on firm TE are rather limited. For instance, Mini and Rodriguez (2002) 
revealed a positive relationship between subcontracting and TE in the textile industry in 
the Philippines. On the other hand, Iqbal and Urata (2002), by summarising Kimura's 




studying TE, Rasiah (2002) gave evidence of various government supports, especially 
support in providing maximum information for subcontract-searching, promoting 
subcontractor performance in Malaysia. 
3.3 Theoretical framework 
To assess those factors that contribute to efficiency in the Vietnamese non-state small 
and medium manufacturing enterprises, we estimate a stochastic production frontier. 
This approach was first independently developed by Aigner et al. (1977) and Meeusen 
and Van Den Broeck (1977). The issue was later fully developed for panel data in 
Battese and Coelli (1995). 
Following Battese and Coelli (1995), the stochastic FPF for unbalanced panel data can 
be written as: 
(3.la) 
or in logarithmic form as: 
(3.lb) 
where Y;, denotes output of firm i, at time t. X;, is the vector of inputs for firm i at time 
t. f3 is the vector of unknown parameters to be estimated. Time t is included in the 
frontier function to measure either technological progress (Battese and Coelli 1995; 
Kong et al. 1999) or the effect of unobservable variables on output over time (Kompas 
et al. 2004). Random error term, vit, is independently identical distribution N (0, a;) 
and independently distributed of uit . v;, takes into account a random variation of 
frontier output due to factors beyond the control of firms such as weather, input 
49 
breakdowns and damaged products. Uit reflects one-side deviations of actual output 
from the maximum level of production due to the technical inefficiency resulting from 
factors under the firm's control in the direction that all actual output is below the 
maximum level. If a firm is fully technical efficient, Uif =O, otherwise it will be greater 
than zero depending on the level of efficiency. The subtraction of the non-negative 
random variable uit from vit means that the logarithm of yit is smaller than it would 
otherwise be if technical inefficiency did not exist. 
The more generalised assumption for the distribution of uit is that it follows a normal 
non-negative truncation of the N (µit, a;) distribution (Kumbhakar and Lovell 2000). 
This assumption eases to a certain level the criticism of the distributional effect on 
estimated parameters and TE level. Furthermore, it allows uses of the maximum 
likelihood estimation (MLE) method, which can estimate the parameters of both frontier 
and inefficiency functions simultaneously. This overcomes the estimation inconsistency 
of the two-stage analysis and outweighs the conventional estimation methods of panel 
data in the sense that MLE takes into account different influences on the FPF of 
different efficiency levels (Coelli et al. 1998). 
To analyse the determinants of technical inefficiency, the common assumption is that 
the mean of normal truncated at zero distribution N (µ;pa;) is a function of 
explanatory variables including firm-specific characteristics as well as institutional 
factors and can be specified by equation (3.2) as: 
(3.2) 
where zit is a vector of explanatory variables determining the technical inefficiency of 
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production over time. 8 is a vector of unknown coefficients to be estimated. Wu 
follows a normal distribution N (0, O'; ). Provided that the inefficiency effects are 
stochastic, some input variables can be included in the inefficiency function such as the 
way suggested by Huang and Liu (1994) to capture the non-neutral shift of the FPF. 
Time trend or dummy year variable can be also included into the model (3.2) depending 
on whether data is time series or at a point in time to investigate technical inefficiency 
change. 
The individual technical efficiency can be measured as: 
TE, 1 = __ E_x_p_(_l n_Y-'-;'"""1 _I _u-'-;'"""1 ,_x-'1'"'"". 1 _) _ = e - u u 
Exp (ln Yit I u ;, = 0, x it) (3.3) 
where Y;, in the numerator is the actual output, and Y;, in the denominator is evaluated 
at the MLE (Kalirajan and Hill 1993). TEu will take values between zero and one, 
depending on whether a firm is completely inefficient or fully efficient. 
Following Coelli et al. (1998), although the specifications in equations (3.1) and (3.2) 
are defined in terms of panel data, they can be estimated for cross-sectional data using 
FRONTIER 4.1 software (Coelli 1996). Both cross-sectional and panel models are 
estimated in this chapter. 
3.4 Data and variables 
3.4.1 Data 
The data used in this chapter were collected by ILSSA, an institute of MOUSA of 
Vietnam in collaboration with the SSE of Sweden. The sample is of small and medium 
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non-state enterprises in Vietnam in 1991, 1996 and 2001. In accordance with the 
dominance of the small-scale non-state sector, the data is limited to firms with less than 
100 employees. 
The sample consists of key information on non-state SMEs. Firms are selected equally 
between the southern and northern parts of the country and between metropolitan or 
more developed areas including Ha Noi, Hai Phong and Ho Chi Minh city, and non-
metropolitan or less developed areas 19 such as Phu Tho, Ha Tay, Quang Nam and Long 
An. A wide range of activities is covered including processing of agricultural products, 
other manufacturing, repair shops, commerce/trade, hotels, restaurants, cafes and 
catering, and transport. The data set used in this chapter is confined to only non-state 
enterprises in the manufacturing industry. 
By adopting the standard international trade classification (SITC) revision 3, firms in 
the sample can be classified in sub-industries including (1) SITCO-food processing, (2) 
SITC5-chemicals, (3) SITC6-manufactured goods classified chiefly by material, (4) 
SITC7-machinery and transport equipment, and (5) SITC8-miscellaneous manufactured 
articles. 
In 1991, the survey collected data of more than 900 firms with different ownership 
types including household firms, sole-proprietorships, cooperatives, partnership 
enterprises, and a small number of small state enterprises in both metropolitan and non-
metropolitan areas of Vietnam. After dropping state enterprises and missing values, 
only 233 observations remain in the sample. 
19 The surveys use the word 'urban' and 'rural' to indicate metropolitan and non-metropolitan areas, 
respectively. 
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During the 1991 survey, there had been no thought of a repeat survey. Therefore, when 
the second survey was implemented in 1996, only around 300 firms were detected as 
previously sampled. Thus, the second survey in 1996 collected data on 300 previously 
surveyed firms together with 500 new ones. 608 observations remain in the sample after 
dropping missing values. For more information about the first and second surveys, 
readers can refer to Ronnas and Ramamurthy (2001). 
In 2001, the survey collected data of 900 new firms and 600 previously surveyed 
enterprises including those that had survived from 1991to1996. Since the second round 
survey, two other ownership kinds, including limited and shareholding companies, have 
appeared on the scene. They are somewhat similar in economic characteristics and are 
known as more advanced technical and managerial skills firms. There has been a 
significant transformation in ownership during this period as well. Households have 
become more similar to sole-proprietorships but are reluctant to register as private 
firms. In contrast, many sole-proprietorships have transformed into households to 
benefit from tax regulations. Furthermore, the old type of cooperatives, which were 
synonymous with socialist collective enterprises either disappeared or were transformed 
into market-oriented genuine cooperatives20 (Ronnas and Ramamurthy 2001: 22). After 
dropping missing values, 1131 observations are left in the sample. Detailed information 
about the third survey can be found in Rand et al. (2004). 
Table 3.1 (page 70) provides the structure of firm ownership and size for each year. As 
seen in this Table, household enterprises have the smallest size, around 6 workers per 
enterprise, on average. Other ownership forms are much larger, especially limited and 
20 A new cooperative is an independent production unit. It does not rely on government assistance and has 
power in decision-making. 
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shareholding companies. Overall, the proportion of micro firms, having up to 10 
workers, is highest in food processing (SITCO) and miscellaneous (SITC8) industries, 
while the chemical industry (SITC5) has the lowest proportion of micro firms. 
Since the number of observations in the short-run 1991-96 and the long-run 1991-96-
2001 panel models are small21 , these models may suffer measurement errors that can be 
overcome with large samples. Therefore, to give the most accurate picture about 
efficiency of non-state SMEs in Vietnam between 1991 and 2001, the chapter estimates 
separately cross-sectional models for each year and the short-run unbalanced models for 
the period 1996-2001. To control for heterogeneity in technology among industries, 
separate functions for each industry are estimated. 
3.4.2 Variables 
In the frontier functions, output is measured by the value of total products22 produced in 
the observed year at current price. Capital is total owned assets including buildings and 
land on which the building is constructed, machinery and hand tools reported by firms. 
Since the surveys failed to collect the number of working hours that is more suitable for 
a small industry characterised by households, as pointed out by Little et al. (1987), the 
chapter uses the number of workers as labour input. Materials include the value of 
intermediate inputs and energy. For the panel model, outputs and materials are deflated 
by the GDP deflator, calculated by the GSO of Vietnam. Since statistical yearbooks in 
Vietnam are presented in different formats before and after 1995, it is difficult to find a 
21 Among 300 firms detected as observations in the panel since 1991, only 191 and 110 enterprises 
survive until 1996 and 2001, respectively. 
22 The value of total products consists ofa main part of total revenue, which includes revenue from sale of 
goods, services, lease of equipment and interest received reported by the surveys. 
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suitable statistical criterion to deflate capital. Hence, the chapter relies on the 
expenditure shares of GDP on fixed investment calculated by the Asian Development 
Bank as a deflator for capital. Details of some key variables across years and industries 
are summarised in Tables 3.2, 3.3 and 3.4 (pages 71, 72, 73). 
3.5 Econometric models 
The two most common functional forms for the stochastic FPF described by equations 
3.la and 3.lb are the Cobb-Douglas and the Transcendental Logarithmic Production 
Function or translog specifications. The advantages of the translog model over the 
Cobb-Douglas are that the translog function relaxes the restrictions of constant input 
elasticities and the requirement that the elasticity of substitution is equal to one (Berndt 




In Yit = /3 0 + /3 1 ln Kit+ /3 2 In Lit+ /3 3 ln Mi1 
+ /3 4 ln Kit ln Lit + /3 5 In Kit ln M it + /3 6 ln Lit In M it 
+ /3 7 (ln Kit) z + /3 s (ln Lit) z + /3 9 (ln Mu) z + v it - u it 
(3.4a) 
(3.4b) 
where J-;1 is output, Kit, Lit , and Mil are three factors of production (capital, labour and 
materials respectively). The second line of equation 3.4b expresses the interaction terms 
between logarithm of input factors, and the third line describes their squared terms. The 
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subscript t is equal to 1 if the model is cross-sectional. 
For the preferred model, the generalised likelihood ratio test23 is used to test the null 
hypothesis that the Cobb-Douglas is an adequate representation for the data given the 
translog form. Results from the tests are provided in Table 3.5 (page 74). As shown in 
the Table, manufactured goods industry (SITC6) has the consistent Cobb-Douglas 
production function whereas miscellaneous industries (SITC8) are characterised by a 
translog specification for the whole period studied. Changes in technologies used are 
found for other industries. However, the translog specification, which is often found in 
micro data, dominates the industries studied. 
Determinants of TE that are found in the literature are modeled in the inefficiency 
function. This function is written separately for 1991 in equation 3.5a, and for 1996 and 
2001 in equation 3.5b. This is because the limited group has appeared since 1996. 
µit = 00 + 8i_ hhit + o2soleproprietorshipit + o3cooperativeit +o4 metropolitan.it 
(3.5b) 
23 The likelihood ratio (LR) test is twice differenced in the log-likelihood value for the unrestricted and 
restricted functions and calculated as: 
LR= 2(Lu -L,) 
The LR has approximately chi-squared distribution with the degree of freedom equal to the number of 
parameters assumed to be equal to zero in the null hypothesis. The critical value of LR is drawn from 
Kodde and Palm (1986). 
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where hh is a dummy variable for household enterprises, soleproprietorship is a dummy 
variable for sole-proprietorships and cooperative is a dummy that takes the value 1 if a 
firm is a cooperative and 0 otherwise. There are only four kinds of ownership appearing 
in the inefficiency function because the characteristics of partnerships are similar to 
those of sole-proprietorships, they are regrouped in the 'sole-proprietorship' group. 
Similarly, characteristics of shareholding and limited companies are also very alike, 
they are also combined in the 'limited' group. To avoid the dummy trap, the sole-
proprietorship group is excluded from the model (3.5a) as a reference group, and the 
limited group is excluded from the model (3.5b) as a base. 
A dummy variable metropolitan takes the value 1 if a firm is located in metropolitan 
areas and 0 otherwise, to control for differences in location. Firm size, defined by size, 
is a dummy variable that takes the value 0 for micro firms and 1 for small and medium 
enterprises employing up to 200 workers. 24 Firm age, defined by age, is the number of 
years calculated since a firm's establishment. A dummy variable exper takes the value 1 
if the entrepreneur engages in production of similar products prior to establishing a firm 
and 0 otherwise. A dummy variable bonus takes the value 1 if a firm applies a 
performance bonus system and 0 otherwise. Government assistance to firms is denoted 
by the type of aid in terms of credit (ca) and non-financial assistance (nfa). Sub is a 
dummy variable taking the value 1 if a firm is a subcontractor and 0 otherwise. 
Under the assumption of normal distribution for v it and the truncated normal 
distribution for uu , the coefficients of the frontier and inefficiency functions can be 
24 Though the surveys limit firm size to less than 100 employees, some enterprises in the sample employ 
up to 200 workers. 
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estimated jointly by the maximum likelihood method. Battese and Corra ( 1977) derive 
the likelihood function of the parameter r ' which has the value between 0 and 1 
depending on whether er; or er; is equal to zero, in terms of the two-variance 
parameters of the frontier function: 
er2 
r = _u where er2 = er2 + er2 er2 v u 
and er; and er; are variances of noise and the inefficiency effects, respectively. If the 
value of y is· near zero, deviations from the frontier function are attributed mostly to 
noise, while the value of nearly 1 indicates that deviations are mainly due to firm-
specific technical inefficiency. 
3.6 Empirical results 
3.6.1 Cross-sectional models 
The three-step procedure of FRONTIER 4.1 allows us to obtain the frontier function 
evaluated at the maximum of the likelihood function when u; equals 0. If a firm is 
inefficient, its actual output is placed below the frontier level by the term u; , depending 
on how much inefficiency exists. FRONTIER 4.1 also reports the result of the null 
hypothesis that technical inefficiency effects are absent. 25 This is the case of no 
inefficiency function and no deviation due to technical inefficiency 
(i.e. r = 00 = 01 = ... = 011 = 0 ). The model is then equivalent to the average response of 
25 The value for this test is calculated by FRONTIER4.l and reported as the 'LR test of the one-sided 
error'. 
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the frontier function, which can be estimated by ordinary least squares (OLS). Results 
from the likelihood ratio test confirm the presence of technical inefficiency effects in all 
industries (Table 3.6, page 74) except in manufactured goods (SITC6) in 1991 and food 
processing (SITCO) in 1996. 
Results from estimated stochastic FPF for the 1991 (Table 3.7, page 75) raise concerns 
about the correct measurement of capital since the coefficient of this input is 
insignificant in almost all industries. The significant coefficient is found in the food 
processing industry (SITCO) but it is negative. A possible explanation for the 
measurement error in capital is due to difficulties to evaluate exactly the value of such 
an input. It should be noted that total owned asset is mainly measured by the value of 
buildings including the value of land on which the building is constructed. The difficult 
evaluation was due to a 'land fever' [s6t d~t] which happened in Vietnam in 1991 
(Ministry of Finance 2005) when land prices shot to an abnormally high level. It would 
be the case that some firms might exaggerate their building values because their 
evaluation might be distorted by either 'land fever' or market transaction reasons. 
In the inefficiency functions, insignificant effects of determinants are often found. This, 
again, suggests that there might be problems with measurement errors and also more 
observations may be needed. Given these limitations, little can be told from the 1991 
models. 
The estimated models for 1996 and 2001 are presented in Table 3.8 (pages 76, 77). 
Based on the estimated FPF, productions elasticities are calculated and given in Table 
3.9 (page 78). Two main points can be drawn from Table 3.9. First, the main component 
of output results from intermediate inputs followed by labour suggesting that non-state 
SMEs in Vietnam have low added values and low returns. Second, the structure of 
59 
elasticity does not change much during the period studied. This implies that SMEs still 
stick to low-cost labour advantages. Webster (1999), by summarising findings from 
other developing countries, states that if firms cannot get rid of a low-cost labour trap 
and fail to build the ability to climb up the value-added ladder, they cannot compete in 
the market. The results and Webster's conclusion raise concerns about the 
competitiveness of non-state SMEs in Vietnam if nothing will be changed in the near 
future. This issue should be considered in the SME promoting program. 
Regarding to the determinants of technical inefficiency effects for non-state SMEs in 
Vietnam during 1996-2001, the likelihood ratio test in Table 3.6 (page 74) confirms the 
presence of technical inefficiency effects in almost all industries during this period. Two 
more hypotheses are tested in Table 3.10 (page 78) to find the most suitable method of 
estimation and the effects of firm and environment-specific characteristics given the 
presence of technical inefficiency effects. 
The first null hypothesis in Table 3.10, which specifies that technical inefficiency 
effects are not stochastic, is rejected. Thus the suitable estimation method is MLE. If the 
null hypothesis cannot be rejected, ie, r = 0, the variance of the inefficiency effects, 
a; , is also equal to zero and the model reduces to a traditional mean response function 
in which variables in the inefficiency function are included in the frontier function. In 
that case, the parameter 80 is not identified. Hence, the critical value for this null 
hypothesis is z;-distribution. The estimate of nearly 1 for y shows that all deviations 
of actual output from the frontier level are due to technical inefficiency 
The second null hypothesis that firm specific and institutional factors do not affect 
technical inefficiency ( 8; = 0 for all i, and 8; = 0 for all i>O) is also rejected. This 
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indicates that the joint effect of these explanatory variables in the inefficiency models is 
significant although the individual effects of some variables are statistically 
insignificant. Based on the estimated results of technical inefficiency functions for 1996 
and 2001 in Table 3.8, a summary of these findings in terms of inefficiency effects is 
made and given in Table 3.11(page79). 
Family labour effects 
The sign and power of each ownership variable in Table 3.11 indicate that technical 
efficiency in terms of ownership varies with industry. No difference in efficiency 
among ownership types is found in food processing (SITCO) and chemicals (SITC5) 
industries. However, household enterprises appear to be more efficient than limited 
companies wherever a statistical effect is estimated. This finding is surprising because 
limited and shareholding companies are hypothesised, on average, to be more advanced 
in both technology and management skills. A possible explanation for the unexpected 
result is due to a higher proportion of family labour in household enterprises such as in 
manufactured goods (SITC6) in 1996, machinery and transport equipment (SITC7), and 
miscellaneous manufacture (SITC8) in 2001 (Table 3 .12 - page 79). 
The consistent trend of less efficiency of micro firms relative to SMEs is only found in 
machinery and transport equipment (SITC7) in both 1996 and 2001. Results in other 
industries show inconsistency. In those industries that use more family labour, it would 
appear that micro firms tend to be more technically efficient than the small and medium 
group. Evidence for this conclusion is that when the ratio of family to total labour in 
micro firms, calculated using the data set, decreases from 0.223 in 1996 to 0.183 in 
2001 in chemical industries (SITC5), micro firms tum from more efficient in 1996 to 
less efficient than the small and medium group in 2001. This finding bears out the 
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suggestion of Little et al. (1987) that the number of working hours is the better indicator 
for labour input in small industries characterised by households because family labour 
often works longer, and with more commitment than hired labour. Thus, the frontier 
functions, which fail to capture the number of working hours, may indicate that smaller 
firms are more efficient. 
Firm age 
Empirical studies often show that firm age has either insignificant or negative impacts 
on technical efficiency. The small and medium manufacturing industry in Vietnam is no 
exception. For instance, Table 3.11 (page 79) shows either insignificant or statistically 
negative efficiency effects of firm age during the period 1996-2001. The negative effect 
of firm age on technical efficiency implies that firm age reflects differences in 
technology generation, rather than the 'learning by doing' process. This does not mean 
that 'learning by doing' is not important in Vietnam, but rather it reflects the fact that 
new established firms benefit more from advanced technology. Indeed, the data set 
reveals that firms concentrate on either 'very young' or 'very old' poles. For these old 
firms, their 'learning by doing' process may be offset by obsolete technology compared 
to that of younger firms. The same result is found in Little et al. (1987) for the case of 
India. They conclude that firm age may have little independent effect and it probably 
reflects the impact of obsolete technology. This issue will be discussed more in panel 
1996-2001 models. 
Metropolitan effects 
The results in Table 3.11 (page 79) indicate the presence of agglomeration economies. 
Better-educated workers and managers, easier access of information, and market 
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opportunities are all factors that tend to make firms in metropolitan areas more 
technically efficient than their counterparts in less developed areas in all industries, with 
the exception of miscellaneous industries (SITC8) in 2001. According to Malesky 
(2004), both workforce and owners in metropolitan areas of Vietnam have much higher 
technical and managerial training as well as educational level than their counterparts in 
less developed areas. Another factor that may make firms in non-metropolitan areas less 
efficient is market opportunities. For instance, the survey from which the data are 
obtained shows that lack of demand is the most common reason given for temporarily 
shutting down a business. The percentage of firms in non-metropolitan areas that give 
this reason is much higher than in metropolitan areas, as shown in Table 3.13 (page 80). 
Government assistance and institutions supporting market 
A pressing concern for Vietnam is how to continue to reduce poverty in the face of the 
expansion of the labour force, and sustain economic growth. In this context, the private 
sector becomes the key element for institutional changes. The private sector promotion 
program carried out in 1999 with the issuance of the new enterprise law lowers entry 
and transaction cost significantly. As a result, the number of start-up non-state 
enterprises, most of which are household and micro firms, increased substantially. The 
objective of the government with the current reform and assistance package is to 
provide more credit and non-financial supports including consultations for managerial 
and technical problems, training managers and workers, and providing information for 
subcontract searching. This support should improve firm performance. However, results 
from Table 3.11 (page 79) do not reveal any systematic effect of direct government 
support on firm performance across years and industries. For instance, we find a 
positive effect of government support on technical efficiency in machinery and transport 
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equipment (SITC7), and miscellaneous industries (SITC8) in 1996 via credit assistance; 
in machinery and transport (SITC7) sectors in 1996, and food processing (SITCO) and 
miscellaneous manufacturing (SITC8) in 2002 via technical support. 
We observe that access to government's support increased over the period 1996-2001 
(Table 3.14, page 80), but this was associated with a change in the profiles of recipients. 
Firms seeking government support in 1996 are more profitable, at larger scale, younger, 
and the majority of them are located in metropolitan areas while the inverse is found for 
2001. The finding supports suggestions of Kokko and Tingvall (2005) that recipients of 
government aid are selected randomly, depending on the searching effort on firm side. 
Thus, it seems likely there are two kinds of firms searching for government support: 
strong firms that face many constraints restricting their potential growth (as in 1996) 
and weak firms that need support to survive (as in 2001). This also coincides with 
findings from Ronnas et al. (1998) and Ramamurthy (1998) that most of the successful 
firms in Vietnam rely on their own sources to grow. 
Sub-contracting 
The impact of institutions supporting markets on firm performance can be investigated 
indirectly through subcontracting. In the environment where the property rights are 
protected by a good legal system, firms are more willing to cooperate and thus promote 
their production (Levine 1998; McMillan and Woodruff 2002; Laeven and Woodruff 
2004). By contrast, without strong judicial institutions, firms find many business 
activities too risky (World Bank 2002), which impedes cooperation (Carlier and Tran 
2005). Calculations from the data set show around 30% of firms in the 1996 sample 
subcontract, and this percentage decreases to 18% in 2001. In our study, subcontracting 
has a positive effect on technical efficiency in manufactured goods (SITC6) in 1996 
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and food processing (SITCO) in 2001. However, such benefits from subcontracting are 
not evident in other sectors. Doan (1999) points out that weak enforcement of contracts 
and legal verdicts limits the relationship between subcontractors and contractors mainly 
to long-term cooperation. It appears that the passing of the new enterprise law has not 
improved the situation (CSEG and CIEM 2002; Carlier and Tran 2005) and 
enforcement of contracts remains a constraint facing non-state SMEs in Vietnam. 
Other variables effects 
Owner experience has either an insignificant or negative impact on technical efficiency 
in all industries, with the exception of the chemicals sector (SITC5) in 2001. 
Insignificant effects of performance bonuses are found in most industries during the 
period 1996-2001. Vu (2003) also finds an insignificant relationship between bonuses 
and technical efficiency level among SOEs in Vietnam. This may be due to the fact that 
workers in Vietnam often consider bonuses as a normal part of their salary rather than 
as an individual reward for good performance. 
3.6.2 Panel 1996-2001 models 
The estimation of panel models is induced from the mixed effects of firm age on 
technical efficiency. The conclusion from the estimated cross-sectional models is that 
firm age reflects differences in technology rather than the 'learning by doing' process, 
which is considered important in transition economies. Thus, if the impact of 
differences in technology is controlled for, firm age in the inefficiency function reflects 
more truly the 'learning by doing' process. 
Likelihood ratio tests confirm similar functional forms for the panel 1996-2001 data as 
for cross-sectional data and the presence of technical inefficiency effects in all 
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industries. Table 3 .15 (page 81) provides estimated functions for separate industries. As 
can be seen in this Table, results in inefficiency functions bear out findings from cross-
sectional models. The effect of bonuses is rather clearer. For those firms, which survive 
until the fifth year, their owners must gain more experience in motivating workers. 
In order to separate the effects of technology and human capital proxied by firm age, a 
dummy variable year2001 is introduced into the frontier function. The idea is that if the 
impacts of technology are filtered, firm age in the inefficiency function captures 
genuine human capital. The dummy variable year2001 is assumed to capture changes in 
output in the frontier function during the period 1996-2001 due to unobserved effects 
such as technology and business environment changes. T-tests in Table 3.16 (page 82) 
confirm the presence of year 2001 in food processing industry (SITCO) and in 
manufactured goods industries (SITC6) at 5% and less. 
The estimated models with the year dummy variable for food processing industry 
(SITCO) and manufactured goods industries (SITC6) are provided in Table 3.17 (page 
83). For the convenience of comparison, models without dummy year variable of these 
industries are replicated in this Table. As shown in Table 3 .17, year 2001 is negative and 
significant at 5% in food processing industry (SITCO) and at 1 % in manufactured goods 
industries (SITC6). 
The negative impact of year2001 reflects appropriately the current context of 
Vietnamese economy. The worsen business environment following the Asian financial 
crisis in 1998 (World Bank 1999a; 2003b; Ramstetter 2004) and degradation in 
technology used by non-state SMEs place down firm output in 2001 in food processing 
(SITCO) and manufactured goods (SITC6) industries. 
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In the inefficiency functions, firm age is still insignificant, showing no relationship with 
technical efficiency. Little et al. (1987:199) argued that marketing and financial 
managements are the key factor for the success of a firm in small industries 
characterised by craftsman-entrepreneurs. Sakai and Takada (2000:6), in their research 
of SMEs in Vietnam, stated that 'most owner-managers of SMEs know little about 
managing a company, and go about it in their own way'. This is confirmed in Carlier 
and Tran (2005:5). Evidently, these initial low endowments cannot enable managers to 
catch up in the more complicated and increasing competitive environment, which 
requires high managerial skills. These findings may explain the fact that SMEs in 
Vietnam cannot grow to a larger scale (Carlier and Tran 2004). 
3.6.3 Mean technical efficiency 
Table 3.18 (page 84) documents TE level computed based on cross-sectional models for 
SMEs across years and industries. As can be seen from this Table, except for food 
processing industry (SITCO) in 1991 where mean efficiency level is equal to 55%, the 
average level of TE in other industries ranges from 71.9% (miscellaneous industry 
(SITC8) in 1996) to 90.8% (chemicals industry (SITC5) in 2001). The mean TE of 
SMEs in Vietnam is almost identical to the 87% of average efficiency obtained for SME 
manufacturing industry in Thailand by Wiboonchutikula (2001 ), and higher than the 
78% found for SO Es in Vietnam by Vu (2003). The percentage of firms reaching near 
maximum level (greater than 90%) of TE is high in 2001, especially in chemical 
industries (77.78%). However, efficiency level varies in a wide range from 0.001 to 
1.00 (Panel B, C and E) suggesting a number of firms with very poor efficiency level. 
Overall, there is an improvement in TE over the period studied in all industries except 
for machinery and transport equipment (SITC7) and miscellaneous (SITC8) 
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industries. In these industries, the percentage of firms reaching a higher level of 
efficiency decreases over time (Panel D and E). 
Firm characteristics by efficiency group are also summarised in Table 3.19 (page 85, 
86). It can be easily seen from this Table that the higher efficiency groups have higher 
rates of returns measured by the ratio of average profit over capital. Firms in these 
groups are younger and mostly located in urban areas. Figures in the Table confirm the 
advantages of family labour. For instance, if firms in the highest efficiency level group 
are small, the percentage of family labour is higher compared to other efficiency groups 
(SITCO, 2001; SITC5, 1996; 2001; SITC7, 2001). 
3. 7 Concluding remarks and policy implications. 
The chapter provides the estimate of technical efficiency of non-state small and medium 
manufacturing industries in Vietnam. Using firm level data in Vietnam in 1991, 1996 
and 2001, stochastic frontier analysis shows that average levelS of efficiency of the non-
state small and medium manufacturing industries was high and increased during the 
period studied. Results also show a wide range in efficiency differences among firms, 
and the determinants of such differentials are identified. 
A micro enterprise with fewer than 10 employees in labour intensive industries, and a 
metropolitan location are both shown to be positively associated with higher levels of 
technical efficiency. The efficiency benefits of a micro enterprise may be explained by 
the benefits associated with family labour. The metropolitan efficiency effect is most 
likely due to the availability of better-educated workers and managers, and also market 
opportunities in metropolitan areas relative to non-metropolitan areas. 
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The calculated production elasticities indicate that non-state manufacturing SMEs in 
Vietnam still stick to low-cost labour advantages and thus, have low added value and 
returns. In addition, the dominance of insignificant effects of firm age reflects no gain 
from the 'learning by doing' process. By contrast, positive and significant impacts of 
firm age in few sector, reflect differences in technology generation during the transition 
period. The results raise concerns about competitiveness of this sector. This matter 
should be considered in the private sector promoting program. 
The results indicate few benefits from government assistance in terms of credit and non-
financial services. However, support from government does not appear to be 
systematically based on any performance criteria. This suggests that government 
promotion of technical efficiency should refocus its support on economic criteria. 
Strengthening technical assistance and institutions that promote cooperation among 
firms may also be helpful in terms of improving technical efficiency. 
Some suggestions are also made for the follow-up surveys. Firstly, attention should be 
focused on collecting capital information. Secondly, the number of working hours, 
instead of the amount of labour, should be collected if possible so that the effect of firm 
size will be calculated more appropriately. 
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3.8 Appendix 3.1 
Table 3.1 Firm ownershif! and firm size 
SIT CO SITC5 SITC6 SITC7 SITC8 
1991 1996 2001 1991 1996 2001 1991 1996 2001 1991 1996 2001 1991 1996 2001 
Ownership (percentage) 
•Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
•Household 29.63 59.74 85.32 15.38 31.68 48.15 23.53 45.89 72.82 15.38 20.93 69.18 39.29 44.44 73.46 
•Privatet 59.26 28.57 6.75 73.08 38.61 16.05 60.00 28.50 12.66 71.79 53.49 13.21 39.29 28.89 8.46 
•Cooperative 11.11 2.60 1.98 11.54 13.86 11.11 16.47 14.98 6.33 12.82 16.28 6.92 21.43 10.56 6.15 
•L&S 9.09 5.95 15.84 24.69 10.63 8.18 9.30 10.69 16.11 11.92 
Firm size (average number of workers) 
•Household 3.00 5.19 6.56 4.00 6.44 8.69 4.05 4.69 6.61 3.50 6.22 6.34 5.00 6.46 8.18 
•Privatet 6.94 14.18 12.65 20.00 14.95 22.38 15.73 17.59 14.91 11.54 16.39 17.52 10.14 26.69 31.14 
•Cooperative 42.33 21.50 24.20 33.00 25.36 27.44 25.21 31.90 33.54 25.40 27.86 28.54 39.08 35.42 33.75 
•L&S 54.28 46.07 43.31 38.8 35.77 28.16 52.50 23.00 37.48 39.48 
Percentage of micro firm in each industry 
77.78 74.02 81.35 38.46 48.51 46.91 43.53 55.55 57.69 56.41 39.53 65.41 60.71 43.89 69.13 
Note: t The word 'private' used in this Table indicates sole-proprietorship firm to save space. 
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Table 3.2 Summary statistics for key variables in 1991 
Average Stdev Min Max 
(a) Food processing- SITCO (27 obs) 
• Output Thousand dong(*) 56 793.41 47 793.17 1425 146 778 
• Capital Thousand dong 34 555.3 72 015.61 120 266 500 
• Labour Number of workers 9.70 13.30 54 
• Materials Thousand dong 42 624.59 37 840.63 1330 106 547 
• Age Year 7.07 7.35 1 32 
(b) Chemicals - SITC5 (26 obs) 
• Output Thousand dong 153 487.2 199 581.7 600 950 000 
• Capital Thousand dong 133 648.1 233 536.7 210 1 071 000 
• Labour Number of workers 19.04 29.24 3 152 
• Materials Thousand dong 177 326.9 281 861 4 886 1250160 
• Age Year 6.46 6.32 26 
(c) Manufactured goods classified chiefly by materials - SITC6 (85 obs) 
• Output Thousand dong 98 194.07 160 859.5 1 500 1 013 760 
• Capital Thousand dong 120397.1 350 783.6 10 3 060 900 
• Labour Number of workers 14.54 18.65 154 
• Materials Thousand dong 81 407.04 160 935.6 410 924 184 
• Age Year 5.92 6.57 34 
(d) Machinery and transport equipment- SITC7 (39 obs) 
• Output Thousand dong 83 348.21 119 146.3 3 000 651 440 
• Capital Thousand dong 83 364.13 133 268.6 1 050 500 000 
• Labour Number of workers 12.07 11.01 2 50 
• Materials Thousand dong 63 350.18 89 723.36 850 469 210 
• Age Year 8.18 8.99 34 
(e) Miscellaneous manufactured articles - SITC8 (56 obs) 
• Output Thousand dong 116086.9 219978.9 1500 1000000 
• Capital Thousand dong 73686.91 164819.8 15 747600 
• Labour Number of workers 14.32 17.49 2 70 
• Materials Thousand dong 90 907.02 186 418.9 280 850 000 
• Age Year 8.59 8.68 34 
Note: (*) Dong is the currency in Vietnam. The exchange rate in 1991 was 8,850 dong per USD 
(this source of exchange rate is provided in Ronnas (1992: 22) 
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Table 3.3 Summary statistics for key variables in 1996 
Average Stdev Min Max 
(a) Food processing- SITCO (77 obs) 
• Output Thousand dong(*) 1 350 378 4 668 553 7 200 34 200 000 
• Capital Thousand dong 286 763.7 742 186.4 2 500 5 320 000 
• Labour Number of workers 12.65 26.54 215 
• Materials Thousand dong 1096136 4 032 439 4 800 30 400 000 
• Age Year 8.21 7.79 38 
(b) Chemicals - SITC5 (101 obs) 
• Output Thousand dong 1 098 770 2 826 791 6 480 18 000 000 
• Capital Thousand dong 869 154.8 2 252 038 6 100 16 800 000 
• Labour Number of workers 18.19 32.02 2 300 
• Materials Thousand dong 867 925.8 2 431 071 2 325 16 400 000 
• Age Year 9.68 9.28 37 
(c) Manufactured goods classified chiefly by materials - SITC6 (207 obs) 
• Output Thousand dong 1072392 4 774 284 4 500 64 500 000 
• Capital Thousand dong 484 787.4 1 140 371 10 10 700 000 
• Labour Number of workers 15.75 23.28 200 
• Materials Thousand dong 868 223.9 4 424 647 2 828 60 000 000 
• Age Year 8.26 8.23 38 
(d) Machinery and transport equipment - SITC7 (43 obs) 
• Output Thousand dong 1 187 895 2 207 314 25 440 10 800 000 
• Capital Thousand dong 730 485.1 1388263 500 6 910 000 
• Labour Number of workers 19.49 21.63 2 100 
• Materials Thousand dong 883634.5 1818325 16188 8768000 
• Age Year 11.37 9.24 1 37 
( e) Miscellaneous manufactured articles - SITC8 (180 obs) 
• Output Thousand dong 1 298 777 4 321 848 350 53 400 000 
• Capital Thousand dong 750612.7 2537670 1000 26 600 000 
• Labour Number of workers 20.36 23.80 150 
• Materials Thousand dong 901 883 2 471 439 1 128 27 400 000 
• Age Year 9.15 8.95 59 
Note:(*) Dong is the currency in Vietnam. The exchange rate in 1996 was 11,033 dong per USD 
(source: http://www. imfstatistics .org/imf/ifsBrowser .aspx) 
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Table 3.4 Summary statistics for key variables in 2001 
Average St dev Min Max 
(a) Food processing - SITCO (252 obs) 
• Output Thousand dong(*) 1 083 997 3 378 779 9 000 31 800 000 
• Capital Thousand dong 777 642.9 2 326 228 3 000 22 700 000 
• Labour Number of workers 9.68 15.82 1 120 
• Materials Thousand dong 894 722.5 3 007 186 4490 28 400 000 
• Age(**) Year 10.75 8.15 1 50 
(b) Chemicals - SITC5 (81 obs) 
• Output Thousand dong 2 768 684 6 980 204 25 000 41 000 000 
• Capital Thousand dong 2 738 038 5 575 052 3 000 41 500 000 
• Labour Number of workers 20.41 33.47 2 250 
• Materials Thousand dong 2 288 995 5 828 910 9 340 35 500 000 
• Age Year 9.29 6.39 1 27 
(c) Manufactured goods classified chiefly by materials- SITC6 (379 obs) 
• Output Thousand dong 878 911.8 2 876 967 3 000 33 900 000 
• Capital Thousand dong 824 500 2 129 446 1 600 21200 000 
• Labour Number of workers 11.12 18.06 1 257 
• Materials Thousand dong 774 464.3 2 740 695 2 941 31 100 000 
• Age Year 9.06 8.23 0 71 
(d) Machinery and transport equipment- SITC7 (159 obs) 
• Output Thousand dong 813 796.8 1 525 079 6 500 9 680 000 
• Capital Thousand dong 935 979 2 002 814 720 20 400 000 
• Labour Number of workers 11.14 13.24 1 85 
• Materials Thousand dong 680 574.3 1426910 3 296 9 140 400 
• Age Year 11.52 9.64 1 59 
( e) Miscellaneous manufactured articles - SITC8 (260 obs) 
• Output Thousand dong 1 414 168 4 897 688 5 000 43 000 000 
• Capital Thousand dong 1 144 303 2 734 624 3 300 21 200 000 
• Labour Number of workers 15.43 20.62 129 
• Materials Thousand dong 1 169 018 4 291 188 1 850 ~6 800 000 
• Age Year 10.06 8.10 0 42 
Note: (*)Dong is the currency in Vietnam. The exchange rate in 2001was14,725 dong per USD 
Source: http://www.imfstatistics.org/imf/ifsBrowser .aspx) 
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Table 3.5 Generalised likelihood ratio tests for functional form 
SIT CO SITC5 SITC6 SITC7 SITC8 
Null Production function is Cobb Douglas 
Hypothesis P4 = Ps = ... = P9 = o 
X~.99 - value 16.074 
z 2 - statistic 
1991 14.52 2.18 14.48 8.44 19.16 
1996 17.00 46.78 12.20 6.78 73.64 
2001 61.52 34.92 12.90 36.32 40.72 
Panel 96-2001 25.95 100.30 12.44 26.93 25.49 
Decision 
1991 Accept H 0 Accept H 0 Accept H 0 Accept H 0 Reject H 0 
1996 Reject H 0 Reject H 0 Accept H 0 Accept H 0 Reject H 0 
2001 Reject H 0 Reject H 0 Accept H 0 Reject H 0 Reject H 0 
Panel 96-2001 Reject H 0 Reject H 0 Accept H 0 Reject H 0 Reject H 0 
Note: (1) The critical value for the hypothesis is obtained from Kodde and Palm's (1986) 
Table 1 
(2) SITCO: food processing; SITC5: chemical; SITC6: manufactured goods classified 
by materials; SITC7: machinery and transport equipment; SITC8: miscellaneous 
manufacture 
Table 3.6 Generalised likelihood ratio test for the absence of technical inefficiency effects 
Null 
Hypothesis 
x~.99 - value 












Reject H 0 
Accept H 0 
Reject H 0 
Technical inefficiency effects are absent 
r = ao = 81 = ... = all = o 
25.55 
74.41 21.72 29.58 
108.00 154.57 26.78 
93.15 182.56 107.89 
Reject H 0 Accept H 0 Reject H 0 
Reject H 0 Reject H 0 Reject H 0 




Reject H 0 
Reject H 0 
Reject H 0 
Note: (1) The critical value for 1991 X~.99 is equal to 24.05 since the inefficiency functions 
include only 10 variables. 
(2) SITCO: food processing; SITC5: chemical; SITC6: manufactured goods 
classified by materials; SITC7: machinery and transport equipment; SITC8: 
miscellaneous manufacture 
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Table 3.7 The estimated frontier and technical inefficiency functions for 1991 
SITCO SITC5 SITC6 SITC7 SITC8 
Number of observations 27 26 85 39 56 
Coe ff. Std-er Coe ff. Std-er Coe ff. Std-er Coe ff. Std-er Coe ff. Std-er 
1 Stochastic FPF 
Constant 1.443*** 0.079 1.858*** 0.542 1.927*** 0.309 1.738*** 0.622 6.232*** 1.084 
K -0.091 *** 0.022 0.025 0.021 0.028 0.020 0.044 0.058 0.291 * 0.158 
L 0.498*** 0.058 0.191*** 0.050 0.177*** 0.065 0.589*** 0.131 0.189 0.424 
M 0.953*** 0.027 0.823*** 0.038 0.786** 0.035 0.744*** 0.053 -0.179 0.247 
K*L 0.024 0.023 
K*M -0.017 0.021 
L*M -0.044 0.036 
K*K -0.006 0.009 
L*L 0.045 0.060 
M*M 0.055*** o.oi5 
2 Tift 
Constant 0.058 0.458 3.092** 1.396 -0.136 0.498 -1.622 1.090 
Household -0.213 0.154 -7.119*** 2.547 -0.176 0.461 1.004** 0.510 
Cooperative 1.302*** 0.325 2.863* 1.483 0.488 0.317 -1.367 1.037 
Metropolitan -0.409*** 0.132 -6.527*** 1.323 0.346 0.516 0.985* 0.542 
Small and medium group 0.233 0.167 -7.741*** 1.784 0.636 0.394 0.182 0.651 
Age -0.006 0.009 -0.144 0.114 0.019 0.012 0.039** 0.019 
Experience 0.605 0.468 0.994 1.034 -0.769** 0.359 -0.035 0.510 
Bonus 0.316*** 0.094 1.187 1.719 0.504* 0.279 0.116 0.524 
Government credit assistance -0.141 0.501 0.714 1.013 0.413 0.472 0.526 0.796 
Non-financial assistance 0.204 0.152 1.929 1.293 -0.028 0.311 0.284 0.413 
Subcontract -1.376*** 0.308 8.817*** 2.712 0.547*** 0.204 -1.220 0.770 
Sigma squared 0.012*** 0.004 2.004*** 0.497 0.098* 0.055 0.184*** 0.061 
Gamma 0.999*** 0.017 0.998*** 0.001 0.164 0.653 0.684*** 0.120 
Log likelihood 23.66 -0.932 -8.193 -8.269 
Mean technical efficienc~ 0.55 0.736 0.735 0.827 
Notes: *, **, *** denote statistical significance at the 0.10, 0.05 and 0.01 levels respectively 
t Technical inefficiency function. The inefficiency function for SITC6 disappears as the likelihood ratio test rejects the presence of technical inefficiency effects 
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Table 3.8 The estimated frontier and technical inefficienc~ functions for 1996 and 2001 
SITCO SITC5 SITC6 
1996 2001 1996 2001 1996 2001 
Number of observations 77 252 101 81 207 379 
Coeff. Std-er Coe ff. Std-er Coe ff. Std-er Coe ff. Std-er Coe ff. Std-er Coe ff. Std-er 
1 Stochastic FPF 
Constant 4.974*** 1.768 3.645*** 1.002 1.761 * 0.998 6.092*** 1.058 2.492*** 0.164 2.013*** 0.159 
K -0.548** 0.255 -0.065 0.127 0.442 0.351 0.092 0.138 0.033** 0.014 0.013 O.ol 1 
L 1.449*** 0.536 1.233*** 0.294 -0.519 0.689 0.206 0.261 0.258*** 0.036 0.220*** 0.023 
M 0.612** 0.309 0.431 ** 0.171 0.579* 0.349 0.116 0.147 0.769*** 0.019 0.826*** 0.014 
K*L -0.105** 0.046 -0.019 0.023 0.143** 0.068 0.066** 0.031 
K*M 0.059** 0.027 -0.018* 0.010 -0.190*** 0.056 -0.034** 0.016 
L*M -0.034 0.052 -0.104*** 0.027 -0.031 0.071 -0.081 *** 0.031 
K*K 0.003 0.015 0.015** 0.006 0.066** 0.030 0.007 0.006 
L*L 0.085* 0.045 0.132*** 0.032 -0.134 0.091 0.008 0.021 
M*M -0.015 0.018 0.034*** 0.009 0.105*** 0.027 0.053*** 0.012 
2 TIFt 
Constant -4.933*** 0.249 -0.177 0.809 0.160 0.547 1.311 * 0.748 -4.808*** 1.472 
Household 0.135 0.155 -0.102 0.714 -0.115 0.508 -4.871 *** 1.282 0.560 0.759 
Sole-proprietorship -0.055 0.149 -0.164 0.562 0.272 0.408 -5.121*** 1.487 1.668 1.274 
Cooperative 0.583 0.411 0.712 0.929 -0.118 0.484 -2.545*** 0.872 3.322** 1.611 
Metropolitan -0.361 *** 0.096 -2.903*** 0.605 -0.434* 0.223 -0.627 0.610 -0.473* 0.267 
Small and medium group 3.646*** 0.192 2.171*** 0.671 -0.597* 0.354 -1.463* 0.803 1.670** 0.713 
Age 0.048*** 0.004 0.012 0.025 -0.015 0.018 0.058** 0.023 -0.017 0.018 
Experience -0.063 0.062 -0.600 0.772 -0.797*** 0.212 -0.628 0.525 0.410** 0.177 
Bonus -0.172* 0.092 0.177 0.477 -0.143 0.182 -0.886 0.586 -0.109 0.148 
Government credit assistance 0.153 0.134 -0.045 0.852 -0.128 0.276 0.554 0.665 0.808*** 0.106 
Non-financial services -0.320** 0.150 0.733 0.600 1.123*** 0.341 -0.313 0.718 -0.162 0.613 
Subcontract -0.124* 0.074 0.264 0.628 0.089 0.214 -1.429* 0.773 -0.715 0.676 
Sigma squared 0.449*** 0.022 0.263*** 0.098 0.075*** 0.013 1.151*** 0.198 0.515*** 0.131 
Gamma 0.925*** 0.012 0.820*** 0.067 0.861 *** 0.023 0.966*** 0.007 0.904*** 0.046 
Log likelihood 15.37 -15.33 52.28 -46.99 -65.98 
Mean technical efficienc~ 0.894 0.811 0.908 0.818 0.876 
Notes: *, **,***denote statistical significance at the 0.10, 0.05 and 0.01 levels respectively 
t Technical inefficiency function. The inefficiency function for SITCO for 1996 disappear as the likelihood ratio test rejects the presence of technical inefficiency effects 76 
Table 3.8 ~continued~ 
SITC7 SITC8 
1996 2001 1996 2001 
Number of observations 43 159 180 260 
Coe ff. Std-er Coe ff. Std-er Coe ff. Std-er Coe ff. Std-er 
1 Stochastic FPF 
Constant 3.154*** 0.276 6.881 *** 0.966 10.556*** 0.932 6.088*** 0.982 
K -0.044** 0.017 0.115 0.106 0.132 0.142 0.047 0.159 
L 0.217*** 0.037 1.557*** 0.271 1.161 *** 0.299 1.305*** 0.251 
M 0.799*** 0.019 -0.241 0.170 -0.758*** 0.182 -0.041 0.146 
K*L 0.004 0.024 0.017 0.027 0.009 0.024 
K*M -0.025* 0.014 -0.023 0.019 -0.018 0.016 
L*M -0.130*** 0.034 -0.077*** 0.028 -0.137*** 0.029 
K*K 0.007 0.005 0.005 0.015 0.006 0.008 
L*L 0.063* 0.037 -0.029 0.038 0.102*** 0.033 
M*M 0.065*** 0.012 0.078*** 0.009 0.056*** 0.012 
2 TIFt 
Constant -0.168 0.455 0.191 0.458 -3.044*** 1.005 -5.414*** 1.175 
Household 0.604 0.444 -2.206*** 0.326 0.957 0.611 -1.576*** 0.517 
Sole-proprietorship 0.695 0.443 -0.813** 0.363 0.914* 0.512 1.125* 0.635 
Cooperative 0.913* 0.491 0.829** 0.393 1.304 0.838 -1.417* 0.862 
Metropolitan -0.246** 0.116 -0.589** 0.266 -3.809*** 0.707 1.276*** 0.337 
Small and medium group -0.241 ** 0.097 -1.942*** 0.319 1.144* 0.593 -0.620 0.402 
Age 0.001 0.004 0.018*** 0.007 0.038** 0.017 0.122*** 0.026 
Experience 0.019 0.073 0.958*** 0.267 0.618 0.693 1.951*** 0.368 
Bonus 0.287*** 0.096 -0.421 * 0.224 -3.131 *** .732 -0.398 0.295 
Government credit assistance -0.275** 0.130 -0.013 0.232 -1.265* 0.721 1.408*** 0.461 
Non-financial services -0.188** 0.090 0.769*** 0.220 2.145*** 0.453 -1.111 *** 0.365 
Subcontract -0.118 0.074 -0.100 0.201 -0.314 0.392 0.508* 0.308 
Sigma squared 0.017*** 0.004 0.284*** 0.049 1.402*** 0.239 0.911 *** 0.152 
Gamma 0.762*** 0.112 0.920*** 0.020 0.989*** 0.004 0.881*** 0.029 
Log likelihood 34.91 12.07 -44.36 -131.61 
Mean technical efficiencl:'. 0.835 0.835 0.719 0.824 
Notes: *, **, *** denote statistical significance at the 0.10, 0.05 and 0.01 levels respectively 
t Technical inefficiency function 77 
Table 3.9 Production elasticities of ~arameters in the FPF 
SIT CO SITC5 SITC6 SITC7 SITC8 
1996 
Capital 0.025 0.109 0.033 -0.044 0.021 
Labour 0.176 0.211 0.258 0.217 0.314 
Materials 0.858 0.714 0.769 0.799 0.622 
Returns to scale 1.059 1.034 1.060 0.972 0.957 
2001 
Capital 0.046 0.001 0.013 -0.004 0.002 
Labour 0.202 0.092 0.220 0.303 0.237 
Materials 0.857 0.838 0.826 0.747 0.764 
Returns to scale 1.105 0.931 1.059 1.046 1.003 
Note: SITCO: food processing; SITCS: chemical; SITC6: manufactured goods classified by 
materials; SITC7: machinery and transport equipment; SITC8: miscellaneous 
manufacture 
Table 3.10 Likelihood ratio tests for random and firm-s~ecific effects 
SITCO SITC5 SITC6 SITC7 SITC8 
Null hypothesis 1. y=O 
X~.99 - value 8.27 
;c; - statistic 
1996 144.78 56.68 10.74 213.52 
2001 109.08 160.76 58.06 78.24 65.08 
Decision 
1996 Reject H0 
2001 
Null hypothesis 2a. 80 = 81 = ... = 811 = 0 
X~.99 - value 25.55 
x;2 - statistic 
1996 80.82 65.46 26.78 128.52 
2001 128.4 81.52 67.14 69.84 62.34 
Decision 
1996 Reject H0 
2001 
Null hypothesis 2b. 81 = ... = 811 = 0 
X~.99 - value 24.05 
;c;1 - statistic 
1996 38.18 53.56 201.98 84.5 
2001 99.92 33.6 53.08 49.44 37.88 
Decision 
1996 
2001 Reject H0 
Note: The critical value for the hypothesis is obtained from Table 1 in Kodde and Palm's 
(1986) 
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Table 3.11 Summa!! for inefficiencl'. effects 
SIT CO SITC5 SITC6 SITC7 SITC8 
2001 1996 2001 1996 2001 1996 2001 1996 2001 
Household + - - -*** + + -*** + -*** 
Sole-proprietorship 
-
+ -*** + + -** +* +* 
Cooperative + + 
-
-*** +** +* +** + -* 
Urban -*** -*** -* - -* -** -** -*** +*** 
Small and medium group +*** +*** -* -* +** -** -*** +* 
Age +*** + - +** - + +*** +** +*** 
Experience - - -*** - +** + +*** + +*** 
Bonus -* + - - - +*** -* -*** 
Government credit assistance + 
- -
+ +*** -** 
-
-* +*** 
Government assistance -** + +*** - - -** +*** +*** -*** 
during operation 
Subcontract -* + + -* - - - - +* 
Notes: *, **,***denote statistical significance at the 0.10, 0.05 and 0.01 level respectively 
The correlation between any variable in the Table and TE is contrary to the sign appearing in that Table. 
The likelihood ratio test confirms no technical inefficiency effects in food processing industries in 1996 
Table 3.12 Proportion of family labour across l'.ear and indust!! (pro~ortion) 
SITCO SITC5 SITC6 SITC7 SITC8 
1996 2001 1996 2001 1996 2001 1996 2001 1996 2001 
Household 0.44 0.39 0.36 0.21 0.49 0.29 0.27 0.31 0.37 0.31 
Sole-proprietorship 0.17 0.13 0.11 0.08 0.12 0.11 0.07 0.07 0.08 0.06 
Cooperative 0.00 0.00 0.03 0.02 0.02 0.01 0.00 0.01 0.03 0.01 
L&S 0.03 0.01 0.02 0.01 0.03 0.02 0.01 0.02 0.03 0.04 
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Table 3.13 Reasons some firms have to close their businesses temporarily 
Lack of input Lack of Lack of Other Total 
demand labour 
1996 
Metropolitan 3 (3.95) 43 (56.58) 0 (0.00) 30 (39.47) 76 (100.00) 
Non-metropolitan 18 (20.22) 59 (66.29) 2 (2.25) 10 (11.24) 89 (100.00) 
2001 
Metropolitan 1 (1.49) 40 (59.70) 0 (0.00) 26 (38.81) 67 (100.00) 
Non-metropolitan 20 (10.70) 132 (70.59) 5 (2.67) 30 (16.04) 187 (100.00) 
Note: The number in parentheses is in percentage. 
Table 3.14 Profiles of government support recipients 
1996 2001 
Credit assistance 
• Percentage of recipients 15.62 28.12 
• Firm average profit(*) (thous.VND) 149 082.00 86 889.06 
• Firm size (average number of workers) 29.58 13.61 
• Firm age 8.61 9.39 
• Metropolitan located (percentage) 57.89 23.89 
Technical assistance 
• Percentage of recipients 22.20 44.83 
• Firm average profit (thous.VND) 141 659.50 72 312.44 
• Firm size (average number of workers) 29.64 14.73 
• Firm age 8. 72 10.28 
• Metropolitan located (percentage) 67.41 36.88 
Note:(*) Profits are reported by firms and deflated by the inflation rate 
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Table 3.15 Panel 1996-2001 models 
Coefficients 
SITCO SITC5 SITC6 SITC7 SITC8 
Functional form Trans log Translog Cobb-Douglas Translog Trans log 
Number of observations 93 88 227 92 203 
1 Stochastic production frontier function 
Constant 7.411 *** 6.219*** 2.497*** 4.905*** 4.766*** 
K -0.109 0.057 0.011 0.310* 0.247 
L 2.053*** 1.032*** 0.314*** 0.829* 1.035*** 
M -0.247 -0.062 0.774*** -0.035 0.024 
K*L -0.011 0.024 -0.014 -0.009 
K*M 0.008 -0.021 -0.054*** -0.037 
L*M -0.192*** -0.096** -0.026 -0.065 
K*K 0.002 0.006 0.013* 0.009 
L*L 0.165*** 0.013 -0.019 0.018 
M*M 0.055*** 0.056 0.065*** 0.056*** 
2 Technical inefficiency function 
Constant -4.484*** -0.200 -1.521* -1.298 -5.482*** 
Household 2.743*** 0.377* -3.048*** -1.737*** -0.156 
Sole-proprietorship 0.273 0.696* -2.274** -0.631 3.433*** 
Cooperative 3.475*** 0.259 0.053 0.214 2.026** 
Urban -1.411 *** -1.458*** -2.025*** -0.291 -1.872*** 
Small and medium group 2.419*** 0.829*** 2.245** -0.878** 1.466* 
Age -0.022 -0.010 0.009 0.024*** 0.088*** 
Experience 0.709 0.061 -0.709 1.615*** 0.246 
Bonus -1.306*** -0.635*** -0.419 -0.199 -3.047*** 
Government credit assistance -0.756 -0.551 1.254* -0.347 -0.659 
Government assistance during operation 1.137* 0.678** -1.055 1.072*** 1.711 ** 
Subcontract -0.961 -0.239** -1.350** -0.390 -1.313 
Sigma squared 0.378*** 0.102*** 1.242*** 0.186*** 1.606*** 
Gamma 0.951 *** 0.775*** 0.963*** 0.893*** 0.929*** 
Log likelihood 22.828 26.764 -91.979 19.148 -134.547 
Mean technical efficiency 0.862 0.878 0.801 0.865 0.765 
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Table 3.16 Testing for the presence of dummy variableyear200J 
Null Hypothesis 
t0.95 -value 
t - statistic 
SITCO SITC5 SITC6 SITC7 
-2.15 
No dummy year in the frontier model 
P year2001 = 0 
1.96 
-1.21 -3.05 -0.27 
SITC8 
-0.22 
Decision Reject H 0 Accept H 0 Reject H 0 Accept H 0 Accept H 0 
Note: SITCO: food processing; SITC5: chemical; SITC6: manufactured goods classified by 
materials; SITC7: machinery and transport equipment; SITC8: miscellaneous 
manufacture 
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Table 3.17 Models with dummy year variable 
Coefficients 
SITCO: Translog SITC6: Cobb-Douglas 
No dummy year Dummy year No dummy year Dummy year 
1 Stochastic production frontier function 
Constant 7.411 *** 8.999*** 2.497*** 2.402*** 
K -0.109 -0.229 0.011 0.028*** 
L 2.053*** 2.369*** 0.314*** 0.310*** 
M -0.247 -0.462* 0.774*** 0.771 *** 
K*L -0.011 -0.012 
K*M 0.008 0.018 
L*M -0.192*** -0.223*** 
K*K 0.002 0.003 
L*L 0.165*** 0.182*** 
M*M 0.055*** 0.061 *** 
Year2001 -0.118** -0.133*** 
2 Technical inefficiency function 
Constant -4.484*** -2.133** -1.521* -4.485*** 
Household 2.743*** 1.433** -3.048*** -2.977*** 
Sole-proprietorship 0.273 -0.533 -2.274** -1.963*** 
Cooperative 3.475*** 1.893** 0.053 0.643 
Urban -1.411*** -1.081 *** -2.025*** -1.319*** 
Small and medium group 2.419*** 1.917*** 2.245** 3.059*** 
Age -0.022 -0.009 0.009 0.001 
Experience 0.709 0.215 -0.709 -1.047*** 
Bonus -1.306*** -1.095*** -0.419 -0.008 
Government credit assistance -0.756 -0.951 1.254* 1.723*** 
Government assistance during operation 1.137* 0.682 -1.055 -1.078*** 
Subcontract -0.961 -0.577 -1.350** -1.078*** 
Sigma squared 0.378*** 0.208*** 1.242*** 1.798*** 
Gamma 0.951 *** 0.922*** 0.963*** 0.978*** 
Log likelihood 22.828 23.778 -91.979 -83.017 
Mean technical efficiency 0.862 0.875 0.801 0.799 
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Table 3.18 Efficiency level 
Panel A: SITCO Panel B: SITC5 Panel C: SITC6 
1991 1996 2001 1991 1996 2001 1996 2001 
Efficiency range 0.19-0.99 0.11-1.00 0.003-0.97 0.08-0.97 0.31-0.98 0.04-0.96 0.04-1 
Percentage of firms in range 
<=0.50 51.85 1.58 11.54 7.92 3.70 5.31 1.58 
0.51-0.70 29.63 1.59 15.38 4.95 1.23 6.76 2.37 
0.71-0.80 7.41 4.36 23.07 10.89 3.70 14.01 5.01 
0.81-0.90 3.70 24.21 26.92 45.54 13.58 59.90 45.91 
>=0.91 7.41 68.25 23.08 30.69 77.78 14.00 45.12 
Mean efficiency 0.55 0.894 0.736 0.811 0.908 0.818 0.876 
Panel D: SITC7 Panel E: SITC8 
1991 1996 2001 1991 1996 2001 
Efficiency range 0.18-0.98 0.56-0.98 0.15-0.97 0.18-0.97 0.001-0.97 0.03-0.96 
Percentage of firms in range 
<=0.50 30.77 5.03 8.93 20 2.31 
0.51-0.70 7.69 11.63 6.92 5.36 15 3.08 
0.71-0.80 5.13 32.56 11.32 12.50 12.78 19.61 
0.81-0.90 0.00 18.60 40.25 30.36 36.67 68.07 
>=0.91 56.41 37.21 36.48 42.86 15.55 6.92 
Mean efficiency 0.735 0.835 0.835 0.827 0.719 0.824 
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Efficiency range <80% 80% to 90% >90% 
• Size #Workers 30.71 18.31 5.27 
• Age Years 14.76 10.40 10.47 
• Unpaid labour ratio # unpaid workers/# workers 0.07 0.14 0.44 
• Profit/ capital VND 10 100 160 
• Urban ratio Urban firms/total firms 0.53 0.44 0.34 
SITCS 
1996 2001 
Efficiency range <80% 80%to90% >90% <80% 80%to90% >90% 
• Size #Workers 21.25 24.33 8.71 10.28 14.80 22.39 
• Age Years 14.00 8.71 7.89 8.57 7.40 9.67 
• Unpaid labour ratio # unpaid workers/# workers 0.09 0.06 0.16 0.14 0.11 0.05 
• Profit/capital VND 40 90 260 50 20 80 
• Urban ratio Urban firms/total firms 0.42 0.69 0.91 0.43 0.80 0.95 
SITC6 
1996 2001 
Efficiency range <80% 80%to90% >90% <80% 80%to90% >90% 
• Size #Workers 23.69 11.71 19.24 21.47 12.98 6.69 
• Age Years 10.69 7.60 7.18 10.77 9.29 8.49 
• Unpaid labour ratio # unpaid workers/# workers 0.07 0.43 0.08 0.05 0.13 0.25 
• Profit/ capital VND 110 190 240 30 70 80 
• Urban ratio Urban firms/total firms 0.63 0.65 0.64 0.43 0.30 0.48 
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Efficiency range <80% 80%to 90% >90% <80% 80% to 90% >90% 
• Size #Workers 15.28 17.11 25.56 9.89 12.79 10.24 
• Age Years 12.94 14.67 7.75 15.08 11.11 9.94 
• Unpaid labour ratio # unpaid workers/# workers 0.07 0.06 0.04 0.17 0.11 0.17 
• Profit/ capital VND 80 210 190 130 20 90 
• Urban ratio Urban firms/total firms 0.89 0.89 1.00 0.43 0.68 0.79 
SITC8 
1996 2001 
Efficiency range <80% 80% to 90% >90% <80% 80%to 90% >90% 
• Size #Workers 14.97 26.65 21.19 13.03 16.09 16.55 
• Age Years 10.58 8.26 7.31 15.95 8.51 6.80 
• Unpaid labour ratio # unpaid workers/# workers 0.17 0.06 0.05 0.18 0.14 0.15 
• Profit/ capital VND 70 140 110 30 90 350 
• Urban ratio Urban firms/total firms 0.39 0.73 0.88 0.44 0.39 0.15 
86 
CHAPTER4 
CONTRIBUTION OF PRODUCTIVITY AND 
FIRM SIZE TO VALUE-ADDED: 
Case study of non-state firms 
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4.1 Introduction 
An understanding of the factors contributing to a firm's profit and value-added, also at 
the industry level, is important to both firm owners and policy makers. In this chapter an 
index number profit decomposition method is extended to account for the nature of 
manufacturing industrial data, i.e., firms produce different numbers of outputs and use 
different numbers of inputs, to evaluate firm and industry performance. This different 
dimensionality results in difficult problems of aggregating and decomposing separate 
price effects with the profit decomposition method. 
To overcome the problem of decomposing profit and value-added given the data 
characteristics, a new indexing decomposition method, called the error index 
decomposition method (EIDM), is developed using the value-added of total factor 
productivity (TFP) measurement. The EIDM allows for differences in a firm's value-
added to be decomposed into separate effects due to variations in productivity and firm 
size in both labour and capital. It also helps resolve the dimensionality problem by using 
the industry deflator instead of the observed price. This approximation introduce biases 
into TFP measurement (Coelli et al. 2003; Diewert 2006b) and, thus, an error term is 
added into the decomposition equation to capture measurement biases and white noise. 
The method is applied to non-state small and medium manufacturing enterprises in 
Vietnam over the period 1996-2001 and shows that productivity is a core contributor to 
the success of a firm. 
The remainder of the chapter is organised as follows. Section 4.2 describes the profit 
decomposition and the EIDM. Details of data and variable measurement are presented 
in Section 4.3 while Section 4.4 discusses the value-added TFP index for non-state 
SMEs in Vietnam. The decomposition of factors contributing to a firm's value-added 
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is analysed in Section 4.5. Section 4.6 concludes with suggestions as to how to promote 
firm and industry performance in Vietnam. 
4.2 Methodology 
Lawrence, Diewert and Fox (LDF) (2001) and Fox, Grafton, Kirkley and Squires 
(FGKS) (2003) have developed an index-number profit decomposition (INPD) method 
that explains changes in a firm's variable profits from productivity, output prices, 
variable input prices and firm size. LDF apply this method to assess the contribution of 
these factors on profitability of Telstra, Australia's major telecommunications carrier. 
FGKS extend this approach to multiple cross-sectional data and compare firm 
performance in the British Columbia halibut fishery. The current chapter adapts and 
extends the methodology to the manufacturing firm level data in Vietnam. 
The INPD method defines the variable non-zero profits of an arbitrary firm b, !Cb 
relative to the variable profits of another firm a, 1C a as: 
(4.1) 
Using Fisher's weak reversal test, the variable profit index defined in equation ( 4.1) is a 
product of price and quantity indexes, i.e, 
(4.2) 
where pa,b and Qa,b are the price and quantity indexes of the 'netputs', respectively. In 
the 'netputs' vector, output quantities are treated as positive while variable input 
quantities are treated as negative. The result from equation ( 4.2) is, hence, the relative 
variable profit or the gross return to capital index between two firms. 
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Using the translog identity exploited by Diewert and Morrison (1986), FGKS prove that 
if a firm's profit function ;r is in translog form, and under the profit maximising 
behaviour, the capital TFP26 index between two firms a and b is exactly equal to a 




where Ra,b is the capital TFP index. Qa,b is the implicit netput quantity index derived 
from (4.2) and Ka,b is the capital quantity index. 
Deriving Qa,b from ~4.2), substituting into (4.3), and rearranging, we have: 
(4.4) 
pa,b and Ka,b are also in the Tomqvist form and calculated as: 
M 1 
pa,b = exp[£; 2" (s! + s:) ln(p! Ip:)] (4.5) 
N 1 
Ka,b = exp[~ 2" (s! + s;) ln(k! I k; )] (4.6) 
Pm is the price of m'h commodity and kn is the quantity of n'h capital component, 
profit share of fixed input n. Using the multiplicative nature of the Tomqvist index, 
26 We call this productivity the capital TFP as the denominator is only the capital index rather than the 
index of primary inputs as in value-added TFP or the aggregate index of all inputs including capital, 
labour and intermediate inputs in gross output TFP. 
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pa,b and Ka,b can be further decomposed into individual or group component effects of 
output and variable input prices and capital as: 
M 




and Ka,b = I1 ka,b 
n;J 
(4.8) 
4.2.1 Adapted method 
When applying the method of FGKS to firm level data in Vietnam, we face the problem 
of different dimensionality. It is very often the case that two different firms produce 
different numbers of heterogeneous outputs and use different numbers of intermediate 
inputs in the same industry. Hence, the traditional bilateral index number theory breaks 
down as it requires the same dimensionality (Bresnahan and Gordon 1996; Gordon and 
Griliches 1997; Diewert 2003). Consequently, we cannot decompose the price index 
pa,b into the output and intermediate input price indexes to calculate each individual 
index. There are two approaches to correct the problem. 
4.2.1.1 The relationship between value-added TFP and capital TFP 
Decomposing the 'netputs' price index pa,b into two components as follows: 
(4.9) 
where Ptb is the labour price index and P.a,b is an aggregate price index of other 
"netputs" including output, non-energy intermediate input and energy. 
As a result, the profit decomposition method can be rewritten as: 
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(4.10) 
The capital TFP index Ra,b can be calculated based on its relationship with value-added 
TFP as: 
(4.11) 
where KTFP is the capital TFP, VATFP is the value-added TFP, VA is value-added, :r 
is variable profit, L(VAh, VA 0 ) and L(:rh, :r0 ) can be calculated using the logarithmic 
mean tool. The relationship in equation ( 4.11) is proved in Appendix 4.1. 
4.2.1.2 The VA TFP measurement based approach 
First, we define the value-added total factor productivity (VA TFP) index of firm b 
relatively to firm a as follows: 
Qa,b 
ea,b = _!:'d_ 
Q;;i (4.12) 
where ea,b is the VA TFP index, Qi;/ is the value-added quantity index and Q;t is the 
primary inputs (capital, labour) quantity index. The non-zero value-added is defined as 
revenue minus the intermediate cost, that is, 
va = r - cM = py- wx (4.13) 
where r is revenue, cM is intermediate cost, y is output quantity, xis intermediate input 
quantity, p and w are the price of those factors, respectively. In this TFP measurement 
approach, the intermediate inputs are treated as negative outputs. Any production unit is 
considered as a mechanism that turns capital and labour into 'value-added'. Thus the 
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productivity measured in (4.12) is the difference in the value-added quantity that cannot 
be explained by differences in capital and labour. 
I( Q;;/ cannot be calculated directly, for example, if the data of outputs and 
intermediate inputs are only available in terms of value, it is preferable to use the 
implicit VA quantity index based on Fisher's weak reversal test, i.e, 
ga,b Qa,b _ 
VA = P.,a,b 
VA 
(4.14) 
where ga,b is value-added index and P;/ is the price index of output and intermediate 
inputs. 
Substituting Q;} into ( 4.12) and rearranging, we obtain: 
(4.15) 
In practice, when we face the problem of different dimensionality, as in the case in the 
Vietnamese data we use, it may not be possible to aggregate P;/ based on the observed 
price information from the data set. In such cases, it is possible to use the aggregate 
price index or deflator for the industry published by the national statistics office. The 
VA TFP index is now defined as: 
ga;b / P,'a,b 
e'a,b = VA Q a,b KL 
(4.16) 
where p'a,b is the deflator for each industry. The use of the deflator as a proxy for the 
observed price is an approximation and, thus, may introduce biases into the TFP 
measurement due to the deviation of individual price from the deflator or the average 
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price. To see how these biases could occur in practice, readers can refer to Coelli et al. 
(2003). Equation (4.15) now can be written as: 
( 4.17) 
In equation ( 4.17), capital and labour are exogenous, the deflator is given. If e'a,b is 
computed independently, the identity would be exact only if Q 0 ·b is the product of the 
components on the right-hand side of this equation. If errors in measurement exist, they 
will be captured in the derived Q 0 ·b • It is more reasonable to treat V ATFP as a residual 
that captures the unexplained differences between outputs produced and inputs used. 
However, with the presence of measurement biases and white noise, the residual TFP 
also captures this error. A way to correct this potential problem is to decompose ea,b in 
( 4.15) into two components as follows: 
(4.18) 
where e'a,b is calculated independently, which captures unexplained differences 
between outputs and inputs due to factors relating to TFP; a captures unexplained 
differences caused by measurement biases and noise. 
Equation ( 4.17) thus can be redefined as: 
0 a,b = e'a,b aR'a,bQa,b 
- VA KL ( 4.19) 
In this equation, all components but a are computed independently. The term a is 
treated as a residual which captures measurement biases and noise. This approach is 
analogous to the stochastic frontier approach where the error term is decomposed into 
technical efficiency and white noise (see Aigner et al. 1977; Meeusen and van den 
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Broeck 1977). 
If we employ the Tomqvist index, we can decompose the primary input index into 
labour and the capital quantity indexes as follows: 
ga,b = e'a,b aP.'a,bQa,bQa,b 
- VA K L (4.20) 
where Qtb and Q;·b are the quantity index of labour and capital, respectively. This 
indexing method allows differences in a firm's VA to be broken down into separate 
effects due to productivity difference, the composite impacts of differences in the price 
of output and intermediate inputs, and firm size in terms of both labour and capital. 
Because many firms in the sample cannot meet the requirement of having positive 
variable profits if using the first approach, we decide, in this chapter, to apply the 
second approach to analyse the effects of productivity, price of VA, and firm size on a 
firm's VA. 
4.2.2 Benchmark firm 
For cross-sectional comparative purposes, a benchmarking firm must be chosen in the 
index decomposition. The FOKS method uses the most profitable firm as the reference. 
This benchmarking firm is also used in Fox et al. (2006) and Grafton et al. (2006). Their 
purpose is to compare every firm with the best performing one to help identify what 
factors may be constraining profits in the rest of the industry. However in the context of 
the transitional economy, the most profitable firm may be the 'star'. In other words, 
there could be very large differences between the most profitable firm, the 'star', and 
the majority of firms, making such a comparison difficult. For instance, firms may lag 
far behind the 'star' due to big differences in technology used, management skills and 
marketing skills. To facilitate comparison, especially where large differences exist 
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among firms, we use a 'sample mean' firm as a reference and compare every firm with 
this hypothetical representative firm. 
We use the method pioneered by Christensen et al. (1981) and Caves et al. (1982) for 
multilateral cross-country comparisons. In their works, output, productivity and input 
levels of an arbitrary firm/country are compared with the hypothetical representative 
firm/country defined as the geometric mean with output vector ln Y; and input vector 
ln X; where Y; and X; are output and input levels of each individual firm/country. The 
advantage of using the geometric sample mean firm is that it allows indexes to satisfy 
the transitivity condition to allow multilateral comparison (see Appendix 4.2 for the 
proof). A number of papers (Baily et al. 1992; Hill 1997; Motohashi 2005) follow this 
approach in making cross-sectional comparisons. The results of using the geometric 
mean firm as a benchmark are similar or somewhat better to those using the arithmetic 
mean firm. 27 
In our approach, we create the hypothetical representative firm for the total 
manufacturing industry, and make comparisons to this level. Given that output and 
intermediate inputs are measured in terms of the value of deflated revenue and cost, the 
quantity indexes are calculated implicitly. Capital quantity is measured by the sale price 
of assets while labour is measured by the number of workers. This is comparable across 
firms. 
27 All results using the arithmetic mean firm are available from the author upon request. 
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4.3 Data and variable measurement 
4.3.1 Data 
The EIDM is applied to the pooled sample of non-state manufacturing SMEs in 
Vietnam. The data were collected by the ILSSA of MOLISA of Vietnam in 
collaboration with the SSE of Sweden in 1996 and 2001. The sample covers different 
non-state ownership characteristics including household firms, sole-proprietorships, 
cooperatives, partnership enterprises and limited companies. 
In 1996, the survey collected data from nearly 800 firms. The 2001 survey collected 
data of around 1400 firms of which approximately 600 were surveyed in 1996. After 
dropping missing and irrelevant values28, 307 and 603 observations remain in the 1996 
and 2001 samples, respectively, making the total number of the pooled sample 910. 
Among these firms, only 90 enterprises were surveyed in both years. In our chapter, we 
divide the sample into two groups: micro firms with less than 10 workers and small and 
medium (SM) firms that employ between 10 and 300 workers. 29 Table 4.1 (page 128) 
documents the characteristics of firms by ownership types. 
4.3.2 Variable measurement 
Labour 
Labour quantity is measured as the number of workers. The implicit labour price for 
each firm is calculated by taking total wage divided by the number of paid workers. For 
28 A number of firms do not meet the requirement of having positive value-added as required by the 
indexing method. 
29 Although medium firms are defined as having up to 300 workers, in reality, almost all small and 
medium enterprises in Vietnam have fewer than 50 workers. 
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enterprises which use only family labour, their labour price is replaced by the minimum 
implicit labour price. This is because calculations from the data set show that mean 
profit of these enterprises is just below half of that of enterprises using paid labour. The 
profits are the return to family labour. Total wage of every firm is then adjusted by 
taking the implicit labour price multiplied by total number of workers. 
Capital 
The surveys collected data of total owned assets including buildings, machinery and 
inventories at their current sale price for each firm. It should be noted that the survey 
lumped land value into the value of buildings, and so we use the term 'building' to 
indicate the total value of building and land. According to Morrison (1999), inventories 
should not be included as a capital measure as they do not provide productive 
services. 30 In our case, inventories account for a small proportion of capital, we follow 
Morrison's (1999) suggestion of excluding inventories from the measure of capital. 
Price of capital 
To calculate the primary input quantity index, we need a capital cost to compute the 
relevant cost share. In the standard case, the rental price or user cost of capital is the 
sum of depreciation cost, interest rate cost and risk premium. Unfortunately, in 
transitional and developing countries, a risk premium is not available and is hard to 
calculate. As a result, the premium is not included as a capital cost. 
30 This opinion is, however, objected to by Diewert (2006b). 
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As the surveys did not collect any information about the age of assets, we follow the 
suggestion of Diewert (2006a) to compute the rental price of an n-year old asset as 
follows: 
(4.21) 
where: J: is the rental price of an n-year old asset, 
P; is the purchase price of the asset at the beginning of period t 
P:+i is the value of the depreciated asset at the end of period t 
i' is the expected asset inflation or depreciation rate, which is assumed to be 
equivalent to the inflation rate in this chapter 
Since P:+i will only be received by the end of the period, it must be divided by 
the discount factor (1 + r') where r' is the nominal interest rate. 
When applying this approach, it turns out that almost all f: values are negative. The 
results confirm the suggestion of Morrison ( 1999) that land is virtually meaningless in 
terms of its productive input because if land values are improving, its rental price could 
be negative. This is also true in the case of Vietnam where land prices increased 
substantially during the period studied. As there is no way, given the data available, to 
exclude land value from the value of 'building', we calculate the rental price of capital 
as the interest rate cost only. 
To provide accurate measures of the contribution to value-added changes, we convert 
all values into 1994 constant prices. Outputs and intermediate inputs are deflated by the 
appropriate deflator for the two-digit sub-industry in which the firm belongs. Wages are 
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deflated by the consumer price index (CPI). To compute the deflator for capital 
quantity, we use either the investment for construction, or the value of an increase in 
fixed assets under investment31 • Both criteria give the same result. Capital cost is 
deflated by the inflation rate to get the real user cost of capital. Summary statistics of 
the data are provided in Table 4.2 (page 128). 
4.4 V ATFP index for non-state manufacturing SMEs in Vietnam 
The V ATFP index ()' a,b in equation ( 4.20) is calculated for the pooled sample based on 
the value-added TFP approach suggested by Balk (2003). Following Balk (2003), the 
relationship between the gross-output and the VA TFP indexes can be expressed as: 
lnVATFP= L(r1,ro) lnGOTFP 
L(VA1,VA0 ) 
(4.22) 
where JGOTFP is the gross-output TFP index, r 1 , r 0 are revenue at periods 1 and 0 and 
VA', VA 0 are value-added at period 1 and 0. L(r1 ,r0 ) and L(VA1 ,VA 0 )are developed 
using the tool oflogarithmic mean as follows: 
a-b L(a,b) = where a and bare two real numbers. 
ln(a/ b) 
Based on the above relationship, the V ATFP index for cross-sectional data can be 
developed as follows: 
31 These deflators are computed by taking current price divided by the constant price in 1994 (sources: the 
General Statistics Office website -www.gso.gov.vn, Vietnam Statistical Yearbook 2001, and IMF 2001). 
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(4.23) 
where Q0 (.) is the output quantity index, Q;· (.) is the intermediate input quantity index, 
and Q; (.) is the primary input quantity index, r is revenue, c M is intermediate cost, y is 
output quantity, x is intermediate input quantity, p and w are the price of those factors, 
respectively. 
This approach is similar to the two-stage index. In the first stage, Q;· (.) aggregates the 
intermediate input quantities and Q; (.) aggregates the primary input quantities. These 
two sub-indexes, in tum, are aggregated in the second stage. Unless Q;·(.) and Q;(.) are 
superlative but not necessarily of the same form, the consistency in aggregation 
condition is achieved (Diewert 1978; Balk 2003; Pursiainen 2005). 
The primary input quantity index is computed using the Tomqvist form as: 
' 2 aJ~ + aJ~ 
lnQ; =fr 1 2 1 (lnq~ -lnqn (4.24) 
where m; = t;q; is the cost share of each primary input. If firm a is the average 
LPiqi 
i=I 
benchmark, its weight is calculated as: 
(4.25) 
The VATFP index is calculated using equations (4.23) and (4.24). The reference firm is 
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chosen as the geometric mean firm having the output vector In I; and input vector 
In X; . Output and intermediate input quantity indexes are computed by relating the 
deviation of firm deflated revenues and intermediate costs from the industry mean. The 
appropriate deflator for these indexes is the output prices constructed for particular 
industries (Morrison 1999; Coelli et al. 2003). The list of sub-industries, number of 
observations and the price deflator are provided in Appendix 4.3. The plotted VATFP 
indexes are presented for the whole manufacturing industry in Figures 4.1-2 (page 124). 
In Figures 4.1-2, observations of each year are separated by the solid vertical line while 
the dashed line separates firms in each year (1996 and 2001) into micro and SM groups. 
The horizontal line divides TFP indexes below and above 1. The above 1 group includes 
firms with a TFP level greater than that of the average firm, and the below 1 group 
contains firms with a TFP level less than the level of the average firm. 
Figure 4.1 represents TFP indexes by observation, where firms are ranked in ascending 
order of capital. As shown in this Figure, there is an increasing trend of TFP indexes 
along with capital in 1996, but the pattern is less pronounced in 2001. This may be 
because a large proportion of 'building' is land and its values rose considerably due to 
land specification in 2000 (Ministry of Finance 2005). Thus, more capital does not 
necessarily imply more machinery or more advanced technology, at least for the latter 
period. In order to analyse the relationship between TFP and technology, we graph TFP 
indexes in ascending order of machinery (Figure 4.2, page 124). The increasing trend of 
TFP indexes is clearer for both 1996 and 2001. Firms with higher machinery capital 
have higher TFP levels. 
A striking feature of the Figures is that the majority of firms in the 1996 sample have 
TFP indexes greater than 1 while the inverse is found for 2001. In other words, 
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many firms in 2001 have TFP levels less than that of the average firm. An explanation 
for this finding is that the 2001 sample included more household enterprises, which are 
considered to have a large proportion ofland, but use much less machinery, as shown in 
Table 4.1 (page 128). 
Firm ownership and performance 
The non-state sector in Vietnam includes four ownership types. They are household 
enterprises, sole-proprietorships, cooperatives and limited and shareholding (L&S) 
companies. To examine which kind of ownership performs more efficiently, we graph 
VATFP index distribution for each kind of ownership32 in Figure 4.3 (page 125). As 
shown in Figure 4.3, household enterprises perform less efficiently than sole-
proprietorships and L&S companies. This is, perhaps, not surprising because sole-
proprietorships and L&S companies are considered to be more advanced than household 
enterprises in terms of both technology and management skills. 
In Chapter 3, we find that household enterprises appear to be more technically efficient 
than L&S companies. Furthermore, micro firms are more efficient than larger 
establishments. The results in this chapter indicate that household and micro firms are 
less efficient than more advanced enterprises at larger scale in terms of TFP. One 
possibility is that sole-proprietorships, limited companies and larger firms may have 
higher allocative efficiency than household and micro firms. In seeking for more 
explanation, we try to link the relationship between TFP and technical efficiency (TE) 
by using the simplest case where there are only two firms. For simplicity, we assume 
that each firm produces one output y and uses one input x. 
32 The transitivity property of using the sample mean benchmark allows us to compare performance 
among different firms (Coelli et al. 1998). 
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The situation can be summarised as: two firms a and b where firm b is of a larger scale 
than firm a. Firm a has higher TE than firm b, i.e., TE a I TE b > 1 while TFP0 is less than 
TFPb , i.e., TFPb I TFP0 > 1 . 
Let us define: TFP = Actual_ ouput = Actual_ output * Potential_ output 33 
• 
or TFP= y =~.L 
x y x 
Actual_ input Potential_ output Actual_ input 
(4.26) 
where y • is defined from the frontier production function (FPF) estimated by the 
stochastic frontier approach. Equation ( 4.26) can be written as: 
TFP = TE.TFP* (4.27) 
Then TFPb = TE b .TFPb* ( 4.28) and TFP0 = TE a .TFP: ( 4.29) 
Divided ( 4.28) by ( 4.29), we have: 
TFPb TEb TFPb* TFPb TEb y; I xb 
--=--.--. or--=--.-"'-. -
TFPa TE a TFPa TFPa TE a Ya I Xa 
(4.30) 
Two cases are followed: 
• Case 1: xb =x0 , then y; =y: as two firms have the same FPF. Thus, (4.30) 
becomes: 
TFPb TEb h' . d' h . . TFPb l d TEb l 
-- = -- . T 1s 1s contra 1ctory to t e s1tuat10n as -- > an -- < . 
TFPa TE a TFPa TE a 
33 I am grateful to Professor Kaliappa Kalirajan for his advice on this equation. 
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The case can be illustrated as in graph 1 below: 
















x,, = x,,. 
Note: TIE is technical inefficiency. 
TIE~ 
TFP,, 
If xb = x0 and TE0 > TEb, TFPa must be greater than TFPb. Therefore, the case that 
xb = x0 is ruled out. 
From equation (4.30), we have: 
Yb.*/xb __ TFPb.TE0 >l · as each component on the right-hand side 1s assumed to be 
Ya I x0 TFPa TEb 
greater than 1. 
* • 
Then: Yb >Ya. 
xb xa 
(i) If the FPF exhibits diminishing returns to scale (DRTS), the situation is satisfied 
when xb < xa as illustrated in graph 2. 
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As can be seen from graph 2, when TFPb > TFPa and TE a > TEb , then Yb > ~. 
xb xa 
However, this case is also ruled out as it violates the assumption that firm b is at a larger 
scale than firm a. 
(ii) If the FPF exhibits increasing returns to scale (IRTS), then xb must be greater than 
xa as illustrated in graph 3. 
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As shown in graph 3, Yb >Ya , TFPb > TFPa and TE a > TEb. This situation is also 
xb xa 
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satisfied when the FPF exhibits constant returns to scale (CRTS). 
In conclusion, the conditions TF~ < TFP,, and TE a > TE b are simultaneously satisfied 
when the FPF does not exhibit DRTS. Returns to scale (RTS) coefficients calculated 
based on the estimated frontier production functions in Chapter 3 are approximately 
equal to or greater than 1 in almost all sub-industries. This, together with the above 
relationship between TFP and TE may imply that many non-state SMEs in Vietnam 
exhibit the IRTS function. If this possibility dominates other reasons such as allocative 
efficiency, SMEs can increase their input level to maximise profits provided that their 
management skills meet the scale operation. 
4.5 Value-added decomposition 
4.5.1 Factors contributing to value-added 
Our focus is to analyse the contribution of factors including productivity, the composite 
effects of output and intermediate input prices, labour and capital, to value-added of an 
arbitrary firm relative to the pooled sample mean firm in the period 1996-2001. 
When comparing the index values in the indexing decomposition method, if a value-
added index is greater (less) than 1, value-added of a compared firm is higher (lower) 
than that of the hypothetical representative firm. For decomposition, a component index 
of more (less) than 1 implies that the contribution of that factor to value-added is higher 
(lower) than it is for the reference firm. The contribution to value-added of each factor 
of an arbitrary enterprise relative to the average firm can be investigated through 
Figures 4.4a-f (page 126), where pooled indexes are plotted in ascending order oflabour 
and capital. 
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As can be seen in Figures 4.4a-f, VA indexes increase as firm size gets larger. 
Particularly, for the SM group, the majority of indexes is above 1 in both 1996 and 
2001. One of the important contributions to this increasing trend is TFP. The larger the 
firms are, the higher is the contribution of productivity to VA (Figure 4.4b ). Labour is 
another important contributing factor (Figure 4.4c) while the contribution of capital to 
VA is not consistent. At each level of firm size, capital indexes vary in a range with a 
somewhat similar lower value. However, the upper value gets larger as firm size 
increases (Figure 4.4d). This is because more capital sometimes implies a higher 
proportion of land rather than advanced technology. Finally, a rise in the price of 
outputs and intermediate inputs in the manufacturing industry during the period 1996-
2001 leads to a higher contribution of price to VA in 2001 compared to 1996 (Figure 
4.4e, page 126). Error indexes reported in Figure 4.4f reveal that the bigger the firm is 
the unexplained difference between outputs and inputs due to measurement biases and 
less noise. 
To provide an insight into the contribution of each factor of production, we provide the 
plotted partial productivity indexes of labour and capital in Figures 4.5-6 (page 127). 
Partial productivity or average product of labour and capital is defined as the value-
added per employee and per unit of capital, respectively. 
As can be seen in Figure 4.6 (page 127), capital productivity increases with firm size in 
each year, reflecting the efficient use of capital of larger firms. On the other hand, 
labour productivity (Figure 4.5, page 127) is similar across firm sizes, except for a 
slightly increasing trend for the 'micro' group in 1996. Similar labour productivity 
indicates no advantage in the unit labour cost of larger firms. The increasing 
contribution of labour to VA is, therefore, solely attributed to a higher absolute value of 
VA as a result of a higher proportion of wages when firms hire more labour rather 
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than the increase in the value of a product. This indicates that in order to increase their 
competitiveness and profits, SMEs should increase capital or/and reduce the wage 
proportion in VA by increasing labour productivity. Given the fact that most SMEs in 
Vietnam face a capital shortage (Ramamurthy 1998; Ronnas et al. 1998; MPI-UNIDO 
1999; World Bank 1999b; Sakai and Takada 2000; Malesky 2004), increasing labour 
productivity that leads to lower unit labour cost should be a priority. This, in turn, 
requires better management methods and skilled workers. 
Geometric means of indexes in Table 4.3 (page 129) support the findings from Figures 
4.4a-e, i.e., the average contribution of all factors in the SM group is higher than in the 
micro group. During the period studied, 1996 marks the significant contribution of 
productivity to value-added. Nevertheless, smaller productivity indexes in 2001 do not 
imply the decreasing trend of productivity. Rather, it reflects that the 2001 sample 
includes many more inefficient performers. 
The above results depict an accurate picture of the economy of Vietnam during the 
period 1996-2001. Entry constraints including complicated registration procedures, long 
processing of application forms and corruption, pushed entry costs up to a very high 
level (GTZ-CIEM-UNDP 2004) early in the 1990s. This limited non-state firms to the 
best performers only. In addition, favourable economic conditions in the mid-1990s 
with rapid economic growth and expanding effective demand (World Bank 1999b; 
2003a; Ramstetter 2004) have probably made firms more productive. 
The success of the non-state sector and the awareness of constraints facing private 
SMEs led to programs promoting the private sector in 2000 with the issuance of the law 
on private enterprise. This has simplified registration procedures and lowered entry 
costs, resulting in a boom of registered private firms. However, the majority of new 
109 
entry firms are household and micro firms with obsolete technology and low 
management skills. In addition, the contracted demand following the financial crisis in 
Asia in 1998 may have lowered average performances in 2001. 
To investigate which of several possible factors contribute to the success or failure of a 
firm, we categorise the pooled sample into 20 _quantiles and extract the highest, lowest 
and middle 5% performing groups. The value-added decomposition for each group is 
provided in Tables 4.4, 4.5 and 4.6 (page 130-2). 
A cross-comparison of these Tables shows that productivity is the most important factor 
contributing to the success of the top 5% (Table 4.4, page 130), while in the bottom 5% 
the contribution of productivity is small (Table 4.5, page 131 ). The contribution to 
value-added in the middle 5% group is equally divided between three factors including 
productivity, labour and capital (Table 4.6, page 132). Thus, it is suggested that to grow 
sustainably, firms must shift to productivity as a core contributor. 
4.5.2 Government assistance and firm characteristics 
To analyse the impact of government support on a firm's performance, we categorise 
government assistance in terms of both financial and non-financial supports including 
consultations for managerial and technical problems, training workers and providing 
market opportunities in Table 4.7 (page 133). 
Panel B of Table 4.7 shows differences among groups. The middle 5% receives the least 
in government support. Most government support is allocated to the lowest and the top 
5% groups. In Vietnam, government support is provided in response to requests from 
firms. It would seem there are of two kinds of firms that look for support: weak 
performers that need support to survive, and strong firms that face constraints 
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restricting their potential growth. In addition, there has been an increase and a shift in 
government assistance during the period studied. While the top 5% group received more 
support than the bottom 5% in 1996, the opposite was true in 2001, and the differential 
in receiving support between the two groups became larger. 
A lower proportion of better performing firms receiving government credit assistance 
may be attributed to complicated procedures and high costs of accessing credit 
application, which deflect efficient firms from borrowing and lead to adverse selection. 
The other possibility may be due to the weakness of the banking sector in appraising 
commercial credits (Calier and Tran, 2004). A high proportion of poorly performing 
firms with lower management skills that resort to government non-financial support 
reflects the ineffectiveness of this program. Surveys on business services for private 
SMEs in Vietnam (Service-Growth Consultants Inc and Thien Ngan Co.Ltd 1998; 
GTZ-VCCI-Swisscontact 2002) show that lack of information about non-financial 
support and its role in the growth of firms, and its quality, are hindrances. 
Consequently, better performers have to rely on their internal services leading to an 
increase in recruitment, and hence, operating costs. This may explain why larger firms 
have no advantage in unit labour cost. 
Characteristics of the 5% groups are provided in Table 4.8 (page 133). As shown in this 
Table, gross returns to capital34 of the top 5% of firms are much higher than those of the 
middle 5%, while the bottom 5% experience losses. This raises concerns about the 
survival rate of poorer performers. Among ownership kinds, household enterprises 
account for a small proportion in the top 5% in comparison with above 90% of that kind 
34 For self-employed enterprises, variable profits are the return to both family labour and capital. 
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of ownership in the bottom and the middle 5% groups. On the other hand, the 
percentage of more evolved ownership types, such as private enterprises and limited and 
shareholding companies, are higher in the top 5%. Although gaining some tax 
advantages35, this suggests that by being reluctant to become formalised, household 
enterprises may suffer from loss of access to larger markets. Table 4.8 indicates that 
firms in the top 5% group are much larger than those in the other groups, on average. 
Moreover, most of the firms in this group are located in urban areas while the majority 
in the bottom and the middle 5% groups are located in rural areas. A higher percentage 
of urban firms in the top 5% group most likely reflects advantages of having higher 
technical and managerial training, as well as educational level of workers and managers 
in urban areas in Vietnam (Malesky 2004 ). 
4.6 Concluding remarks 
An indexing method is developed to decompose the contribution of productivity, prices 
and firm size to a firm's value-added. To avoid the problem of different dimensionality 
of outputs and inputs within the same industry, an industry deflator is used instead of 
the observed price. The use of the deflator gives an approximation and may introduce 
biases into total factor productivity measurement. Thus, an error term is added into the 
decomposition equation to capture measurement biases and white noise. The method is 
then applied to non-state small and medium manufacturing firm-level data in Vietnam 
between 1996 and 2001. 
35 In Vietnam, household enterprises are not required to retain accounting records for calculation ofvalue-
added and profit taxes, but pay lump-sum tax to local authorities (MPI-UNIDO 1999). 
112 
The results reveal an increasing trend of total factor productivity with the use of 
machinery capital and value-added with firm size. The decompositions indicate that 
total factor productivity is the most important factor contributing to a firm's value-
added. Moreover, larger firms use capital more efficiently than smaller firms, while 
labour productivity is somewhat similar among different firm sizes. Thus, the increasing 
contribution of labour to value-added is attributed only to the higher absolute value of 
value-added as a result of higher wage proportion, not necessarily to a higher value of a 
product. This finding raises concerns about weak management skills, unskilled workers 
and weak competitiveness of non-state small and medium manufacturing enterprises in 
Vietnam. 
In order to compete in the world market, it would seem Vietnamese private small and 
medium enterprises should increase their productivity, especially labour productivity by 
investing more in advanced technology and/or training managers and workers, as well 
as using out-sourcing services from the government to release burdens from over-
recruitment. This, in turn, requires an effective government support program. 
Although the Vietnamese government has created a better policy environment and 
increased assistance services to firms, the analysis shows that the majority of recipients 
are poor performers. Given that productivity is a core component factor to the success 
of firms, which can benefit from skilled workers, managers and outside specialised 
services, the Vietnamese government should improve its non-financial support program. 
A particular focus should be on providing information and improving quality of 
assistance services as well as on smart selection of which kinds of firms to support to 
enhance their economic performance. 
113 
4.7 Appendix 4.1 
The relationship between value-added TFP measure and the capital TFP measure 
To develop the relationship between the value-added TFP and the capital TFP, we use 
the logarithmic mean tool: 
L( a, b) = a - b where a and b are two positive real numbers 
ln(a/ b) 
Let us define: 
Where VA is value-added, R is revenue, C1 is intermediate cost, CL and CK are labour 
and capital cost, respectively. 
1 Value-added TFP index 
The value-added TFP index is defined as: 
In VATFP =In QvA - In Q; (1) 
Using Fisher's weak reversal test, the primary cost index can be defined as: 
c_h I c~ = P; 0Q; (2) where P;' and Q; are price and quantity indexes of primary inputs. 
In a similar manner, we have: 
In order to compare the V ATFP and the capital TFP indexes, we decompose the 
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primary cost ratio using the logarithmic mean formula as: 
(5) 
Substitute (2), (3) and ( 4) into (5), we get: 
(6) 
Equation ( 6) shows how capital and labour can be aggregated into the primary input 
quantity index. 
Plugging ( 6) into ( 1 ), we get an alternative way to calculate VA TFP index: 
(7) 
2 The capital TFP index 
Define the variable profits or the gross return to capital as: 
VP=VA-Ci 
Then we have: 
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I 0 I I 0 0 I 0 I 0 
1 ( 1 / o) vp - vp va - cL va - c va - va c - c nvp vp = = L = L L 
L(vp1, vp0 ) L(vp1, vp0 ) L(vp1, vp0 ) L(vp1, vp0 ) L(vp1, vp0 ) 
. 1 ( 1 1 o)- L(va', va0 )ln(va' lva0 ) L(cl,c~)ln(cl I c~) 
.. n vp vp - 0 -L(vp1, vp ) L(vp', vp0 ) 
1 0 Q = L(va', va0 ) l n _ L(cl,c~) l n L(va', va0 ) 1 Q _ L(cl,c~) l Q ~ nrvp VP I 0 nrVA nrL + n VA n L L(vp , vp ) L(vp1, vp0 ) L(vp1, vp0 ) L(vp1, vp0 ) 
Then, 
l Q = L(va1, va0 ) 1 Q _ L(cl,c~) 1 Q 
n VP I 0 n VA I 0 n L L(vp , vp ) L(vp , vp ) 
(8) 
The capital TFP is defined as: 
(9) 
Substitute (8) into (9), we have: 
lnTFPK = L(va',vao)lnQvA L(cl,c~) lnQL -lnQK 
L(vp1, vp0 ) L(vp1, vp0 ) 
Or: 
lnTFPK = L(va',vao)[lnQvA- L(cl,c~) lnQL - L(vp',vp:)lnQK] 
L(vp1, vp0 ) L(va1, va0 ) L(va1, va ) 
(10) 
The part between the brackets of equations (7) and (10) has the same structure but the 




lnTFPK = L(va1,va0 )1nVATFP if VA=CKL 
L(vp1, vp0 ) 
Proof: 
Then, the term in the brackets of equation (10) is equal to the right hand-side of (7): 
(12) 
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4.8 Appendix 4.2 
Benchmark firm in profit decomposition method and transitivity condition 
1 Benchmark firm in profit decomposition method 
Most works in the profit decomposition area including Fox et al. (2003), Fox et al. 
(2006), and Grafton et al. (2006) use the best performer as a benchmark firm when 
making multi-cross comparisons. The singular advantage of this benchmark is that it 
helps other firms in the sample recognise which may be constraining their performance. 
The geometric mean firm, on the other hand, achieves the transitivity condition, thus 
making the multi-cross comparison valid. 
2 Transitivity or circularity condition. 
The transitivity condition requires that, for any three firms: k, s and l, a direct 
comparison between k and s yields the same index as an indirect comparison through l. 
That means: 
1 ks (1) 
Therefore, if we can prove ln I ks = ln I kl - ln Isl , the comparison satisfies the 
circularity test. In fact, not many indexes, including the Fisher Ideal index, satisfy this 
test. The problem seems to be much related to the weight used when calculating indexes 
(Dreschler 1973; Caves et al. 1982). Caves et al. (1982) prove that the Tornqvist-Theil 
index satisfies the transitivity condition when making multi-cross-section comparison 
with the use of the geometric mean as a benchmark. 
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2.1 Geometric mean firm as a benchmark 
To generalise, we take the output index to illustrate all the proofs. By convention, the 
bilateral output index of firm k relative to firms is defined as: 
(2) 
Where R; is the share of output i in the total revenue and Y; is the output level. 
The index in (2) is named by Caves et al. (1982) as the translog bilateral output index 
that has the base-invariant property. That means whatever firms are used as a base 
makes no difference. 
Supposing we define the bilateral comparison of each firm k and s to the geometric 
mean firm l, as having the output vector In Y; and the revenue share R; . They are 
calculated as: 
ln Y/ = ln Y; = ~ (ln Y/ + ln Y/) (3) 
R} =RI=~ (R/ + R/) (4) 
Using equation (2) for the bilateral comparison of each k ands to the geometric mean l, 
we have: 
1" k - k lnqk1 =2~ (R; +R 1 )(lnY1 -lnY1 ) 
I 
(5) 
And: In q •1 _!_" = ~ (R/ + R;)(ln Y/ - In Y;) 2 i 
(6) 
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If we can prove: 
ln q ks = ln q kl - ln q sl (7) 
the transitivity condition is satisfied. 
Plugging (5) and (6) into (7), yields: 
In qks = ~ L [(Rik+ RJ(ln Y/ - In YJ- (R/ + Ri)(ln Y/ - In YJ J (8) 
l 
Rearranging (8), we get: 
I _ 1" [(R/ In Y/ +~In Y/ - R/ln Yi - ~In Yi] 
n q ks - - L.J - -- ---
2 i - R / In Yi s - R i ln Y/ + R / In Yi + R i In Yi 
Substituting (3) and ( 4) into (9), we obtain: 
(R.k In yk + Rt + R/ In yk _ R.k In Y/ +In Y/ 
1 
In qks = - L 
2 i 
l l 2 l l 2 
-Rs I y s _ R/ + R/ I y s Rs In Y/ + In Y/ 
. n . n . + . ---"------
, l 2 2 
=_!_I 
2 i 
Rk Rs Rk Rk 
R.k In Y.k + _i In Y.k + _i In Y.k - _i ln Y.k - _i In Y! 
l l 2 l 2 l 2 l 2 l 
Rk R~ R~ R~ 
-R.s In ys - -' In ys - -' In Y! + -' In Y.k + -' In ys 
l l 2 l 2 l 2 l 2 l 
=> ln q ks = ~ L [Rik ln Y/ + R / ln Y/ - R / ln Y/ - Rt ln Y/ J 
I 
= ~ L [ R;k (ln Y/ - ln Y/) + R/ (ln Y/ - ln Y/) J 
I 




Comparing (2) and (10), we obtain In q ks = In q kt - In q st (5). Thus, the 
transitivity condition is satisfied. 
· 2.2 An arbitrary firm as a benchmark 
Using the best performing firm in the profit decomposition method is similar to the case 
of using an arbitrary firm as a benchmark. 
Supposing that l is an arbitrary firm in the sample of 3 firms: k, s and /. 
Similar to the previous case, we plug the translog bilateral output index into (7). 
Remember that l now is an arbitrary firm. 
In qks = .!_ L [(Rik+ R:)(In Y/ - In Y/)- (R/ + R:)(In Y/ - In Y/) J (11) 
2 i . 
Rearranging (11), we have: 
I 1 L [ R / In Y/ + R: In Y/ - R / In Y,1 - R: In Y,1 ] 
n q ks = 2 1 - R / In Y,8 - R / In Y/ + R / In Y,1 + R / In Y,1) (12) 
Adding and subtracting R/ In Y/ and R / ln Y/ into (12), we get: 
I 1 L [ ( R ,k + R ,S ) In Yi k - ( R ,k + R ,S ) In Y, s - R ,S In Y, k ] 
n q ks = 2 i + R 1k In Y/ + R: In Y/ - R ,k In Y/ - R: In Y/ + R / In Y/ ) 
= _!_ L [(Rik+ R/)(In Y/ - In Y/)- R/ (In Y/ - In Y/)] 
2 1 + R / ( ln Y/ - In Y/ ) + R: (In Y/ - ln Y/ ) 
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Then: 
The transitivity condition is, therefore, not satisfied. 
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4.9 Appendix 4.3 
List of industry and deflator 
1996 307 
15: Food product and beverages 58 1.2335 
17: Manufacture of textiles 20 1.2244 
19: Manufacture of leather products 8 1.4375 
20: Manufacture of wood and wood products 16 1.4228 
21: Paper and paper products 20 1.2037 
22: Publishing and printing 2 2.0097 
24: Chemicals and chemical products 4 1.1991 
25: Rubber and plastic product 43 1.2998 
26: Manufacture of other non-metallic mineral products 12 1.1477 
28: Fabricated metal products 39 1.2178 
29: Machinery and equipment n.e.c 6 1.2165 
30: Office, accounting and computing machineries 4 1.0228 
31: Electrical machinery and apparatus n.e.c 11 1.1841 
33: Medical and optical instruments, watches and clocks 3 1.2420 
35: Manufacture of other transport 13 1.5111 
36: Manufacture of furniture, manufacturing n.e.c 48 1.3654 
2001 603 
15: Food product and beverages 156 1.8236 
17: Manufacture of textiles 36 1.7082 
18: Manufacture of wearing apparel 9 1.7885 
19: Manufacture of leather products 4 1.6563 
20: Manufacture of wood and wood products 57 1.7125 
21: Chapter and chapter products 19 1.7155 
22: Publishing and printing 9 1.8942 
24: Chemicals and chemical products 6 1.4736 
25: Rubber and plastic product 38 1.6866 
26: Manufacture of other non-metallic mineral products 39 1.2373 
27: Manufacture of basic metals 10 1.6825 
28: Fabricated metal products 57 1.8587 
29: Machinery and equipment n.e.c 64 1.6147 
30: Office, accounting and computing machineries 7 3.0603 
31: Electrical machinery and apparatus n.e.c 9 2.1825 
33: Medical and optical instruments, watches and clocks 3 2.7356 
36: Manufacture of furniture, manufacturing n.e.c 59 1.9941 
37: Recycling 21 1.3393 
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4.10 Appendix 4.4 
Figures 
Value-added TFP index on capital 
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Tables 
Table 4.1 Firms' characteristics by ownership 





% of micro 
firmtt 
1996 
•Household 45.93 6.48 33,318.76 
• Privatettt 37.13 14.28 86,460.03 
• Cooperative 13.36 19.49 100,928.70 
• L&stttt 3.58 19.00 186,152.50 
2001 
•Household 71.10 6.89 31,451.33 
• Private 19.23 10.47 83,576.40 
•Cooperative 6.37 19.41 88,796.34 
• L&S 3.30 18.53 199,061.90 









tt Proportion of micro firms for each ownership type 
ttt The word 'private' used in this Table indicates sole-proprietorship to save space 
tttt L&S are limited and share holding companies, which are considered as modem 
enterprises with more advanced technology and management skills. 


































































































Table 4.3 Decomposition of VA, means 
VA index VATFP Labour index Capital Price of 
index VA index 
All years 0.999 0.693 0.999 1 1.567 
Micro 0.674 0.601 0.681 0.819 
SM 2.383 0.948 2.335 1.549 
1996 1.521 1.111 1.249 0.802 1.278 
Micro 0.956 1.068 0.735 0.551 
SM 2.769 1.169 2.477 1.303 
2001 0.808 0.545 0.893 1.118 1.738 
Micro 0.590 0.483 0.661 0.954 
SM 2.083 0.786 2.214 1.808 
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Table 4.4 Value-added decoml!osition of the tol! 5% 
Obs# ga,b ea,b Q:·b Q;·b 
866 6.333399 3.177468 2.312897 1.297316 
867 6.457614 1.684347 2.746566 4.274981 
868 6.474408 5.28164 1.301005 .9528158 
869 6.596261 5.866185 .7227804 2.036501 
870 6.596407 4.301265 1.301005 1.53367 
871 6.619393 3.576254 3.469346 .2430137 
872 6.662159 2.645656 3.613902 .8801882 
873 6.733449 3.542949 1.445561 2.035977 
874 6.939845 3.762359 2.023785 1.146909 
875 6.952062 1.518718 3.035678 6.925396 
876 7.006394 1.800008 2.312897 5.218863 
877 7.018151 2.441775 3.903014 1.321192 
878 7.114271 1.799248 2.60201 5.637445 
879 7.283012 5.074273 1.156449 1.541069 
880 7.638051 2.271829 2.891122 3.40723 
881 7.745771 5.772073 .8673365 2.698256 
882 7.814726 3.880704 2.312897 .9946132 
883 7.895855 1.72758 3.758458 5.35303 
884 7.963151 4.581923 1.445561 1.894851 
885 8.021947 2.595615 3.035678 2.476144 
886 8.112936 2.458678 3.903014 2.163472 
887 8.159355 5.159977 1.301005 1.886904 
888 8.664277 1.688429 7.227804 3.047371 
889 8.983208 2.927916 3.035678 2.608006 
890 9.033883 3.083164 3.469346 2.063438 
891 9.035745 2.04375 6.215911 1.864083 
892 9.267273 8.940458 .8673365 1.200402 
893 9.323513 2.581944 3.32479 3.430323 
894 9.85041 3.639374 1.445561 3.75634 
895 10.05073 1.478439 7.227804 5.420322 
896 11.28711 4.664695 2.891122 1.462522 
897 11.39697 2.788985 3.469346 4.186698 
898 12.15696 5.830613 1.734673 2.257531 
899 13.37503 6.511017 1.879229 2.012583 
900 13.56179 3.1412 2.023785 8.023771 
901 14.76848 2.666792 7.227804 2.162098 
902 15.04996 5.568436 3.613902 1.108375 
903 15.77146 8.08873 .4336683 6.496079 
904 16.62528 6.298141 2.168341 3.626308 
905 16.75076 3.732363 5.059463 3.482274 
906 18.22855 4.295589 2.891122 5.704945 
907 18.55471 4.013647 5.782243 2.822873 
908 18.65354 2.993196 6.505024 4.940689 
909 19.37715 4.065256 6.938692 1.993004 
910 19.46366 5.861969 5.637687 .7972013 
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Table 4.5 Value-added decoml!osition of the bottom 5% 
Obs# Qa,b ea,b Q:·b Q;·b 
1 .0221907 .0058328 1.156449 1.467017 
2 .0261866 .0141805 .5782244 .8392093 
3 .0305447 .0274159 .5782244 .3533655 
4 .0389484 .0154105 .7227804 1.491514 
5 .0426397 .0564953 .5782244 .2073403 
6 .04392 .0333146 .5782244 .4721139 
7 .0443477 .0100758 1.156449 3.058001 
8 .0485871 .0500955 .5782244 .3393731 
9 .0513695 .0723478 .1445561 .4098919 
10 .0585476 .0639147 .4336683 .3899335 
11 .06222 .018824 1.011893 2.021177 
12 .0638219 .0173627 1.011893 3.029165 
13 .0656434 .04895 .5782244 .6516045 
14 .0677754 .0425398 1.011893 .3081507 
15 .0739116 .0672411 .5782244 .4146807 
16 .0763673 .1102105 .2891122 .3806861 
17 .0769565 .0236812 .2891122 2.875786 
18 .0775376 .0499945 .4336683 .9080416 
19 .0838628 .1120451 .5782244 .2724833 
20 .088127 .0756417 .8673365 .3020733 
21 .0897188 .0463952 .4336683 1.287952 
22 .0902585 .0516506 .7227804 1.033795 
23 .0911198 .2390505 .1445561 .2081835 
24 .0926844 .1670272 .4336683 .2080216 
25 .0929597 .0557785 .2891122 1.23207 
26 .0968796 .2179411 .2891122 .1911524 
27 .0982944 .0170503 5.926799 1.017318 
28 .0987843 .1395997 .4336683 .3167101 
29 .1013743 .2085929 .2891122 .2265644 
30 .1013836 .033455 3.758458 .6095545 
31 .1045014 .0714785 .5782244 .8197838 
32 .1049605 .0753954 .1445561 1.283163 
33 .1072337 .0719407 .8673365 .6755761 
34 .1080266 .1042017 .4336683 .6342632 
35 .1097273 .2227004 .4336683 .1377913 
36 .1197831 .1847934 .4336683 .2041028 
37 .1201673 .18089 .1445561 .4892802 
38 .1216678 .2660096 .4336683 .163633 
39 .1249323 .0719875 .8673365 .9599103 
40 .1260837 .2703467 .4336683 .1907057 
41 .129857 .2709684 .2891122 .2373217 
42 .1303425 .159084 .7227804 .3203692 
43 .1318643 .1963089 .4336683 .2470345 
44 .1352723 .2725876 .2891122 .2535096 
45 .1366107 .2748256 .2891122 .2308466 
46 .1368722 .0215595 .7227804 7.971208 
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Table 4.6 Value-added decom~osition of the middle 5% 
Obs# Qa,b ea,b Qtb Q;·b 
434 .968731 .9174145 .4336683 1.537094 
435 .9741907 .586536 1.590117 .8586348 
436 .9825345 .5425875 1.011893 2.017084 
437 .9887013 1.391474 .7227804 .2567472 
438 .9896498 1.569447 .2891122 .5933043 
439 .9938028 1.012367 .8673365 .6164278 
440 .9946739 .4367236 1.734673 1.733457 
441 .9978226 .9042242 .7227804 .988138 
442 .9983649 1.369314 .7227804 .2599848 
443 1.003055 .5465402 1.011893 2.081835 
444 1.012428 .6600294 1.156449 1.195613 
445 1.016498 .4624216 .5782244 3.985603 
446 1.019176 1.587681 1.011893 .3527386 
447 1.0202 .4451812 .7227804 3.590213 
448 1.028275 .9350323 1.011893 .5410814 
449 1.030314 .9854756 1.011893 .6408744 
450 1.032538 1.401084 .5782244 .5463328 
451 1.03326 .9638195 .7227804 .9535281 
452 1.033558 .4428872 2.168341 1.154233 
453 1.033928 1.428662 .7227804 .2733924 
454 1.036203 .5426601 .7227804 2.852403 
455 1.03643 1.023699 .8673365 .605125 
456 1.041772 .8285618 1.590117 .2478777 
457 1.046919 .9974582 1.011893 .4616931 
458 1.047215 1.015956 .5782244 1.042435 
459 1.04943 .6570672 1.445561 1.031507 
460 1.051274 .6304138 1.011893 1.684894 
461 1.05166 .5437574 1.301005 1.71727 
462 1.051839 .6157228 1.445561 1.089481 
463 1.054049 .4029395 .8673365 4.000439 
464 1.054935 1.33764 1.011893 .2519045 
465 1.062654 .769043 .8673365 1.477553 
466 1.064244 1.081061 .7227804 .7912815 
467 1.068894 1.043222 .7227804 .9233864 
468 1.070638 .6796292 .8673365 1.65189 
469 1.076113 .5890272 1.011893 2.146587 
470 1.084105 .3435616 .5782244 5.102568 
471 1.087089 1.11002 .8673365 .5540317 
472 1.08802 .9318534 .8673365 .9557621 
473 1.091031 .7688022 .8673365 1.283229 
474 1.091601 .2848977 .7227804 7.242077 
475 1.092034 .8359437 1.156449 .7605289 
476 1.092725 .7847553 1.156449 .9395742 
477 1.093771 1.157341 1.011893 .4073623 
478 1.097422 1.17784 .8673365 .4570535 
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Table 4.7 Government financial and non-financial assistance 
Top Bottom Middle Top Bottom Middle 
5% 5% 5% 5% 5% 5% 
Panel A: # of obs Panel B: Percentage 
Credit assistance 
All 
year 44 46 45 
Yes 9 22 5 20.45 47.83 11.11 
No 35 24 40 79.55 52.17 88.89 
1996 27 7 10 
Yes 6 1 0 22.22 14.29 
No 21 6 10 77.78 85.71 100.00 
2001 17 39 35 
Yes 3 21 5 17.65 53.85 14.29 
No 14 18 30 82.35 46.15 85.71 
Non-financial assistance 
All 
year 44 43 40 
Yes 15 26 9 34.09 60.47 22.50 
No 29 17 31 65.91 39.53 77.50 
1996 27 7 10 
Yes 12 3 1 44.44 42.86 10.00 
No 15 4 9 55.56 57.14 90.00 
2001 17 36 30 
Yes 3 23 8 17.65 63.89 26.67 
No 14 13 22 82.35 36.11 73.33 
Note: Figures in panel Bare in vertical percentage 
Table 4.8 Characteristics of the 5% ~rOUJ?S 
ToE5% Bottom 5% Middle 5% 
Variable profits (thous.VNDt) 234 390.60 -8 798.98 6 136.91 
Ownership (percentage) 
• Household firms 26.67 91.30 91.11 
• Sole-proprietorship 42.22 2.17 8.89 
• Cooperative 17.78 4.35 
• L & st t companies 13.33 2.17 
Labour (average number of workers) 21.91 5.02 6.60 
Age (average year of operation) 10.58 12.04 8.49 
Location (percentage) 
• Urban 71.11 21.74 46.67 
• Rural 28.89 78.26 53.33 
Note: t VND is the Vietnamese currency 
tt L&S are limited and share holding companies, which are considered 
modern enterprises with more advanced technology and management skills. 
133 
CHAPTERS 
INSTITUTIONS AND NON-STATE FIRM PERFORMANCE 
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5.1 Introduction 
Institutional economics (North and Thomas 1973; North 1991) emphasize the effects of 
institutions on economic growth through providing information, more secure property 
rights and stringent enforcement mechanisms to stimulate cooperation. Empirical 
investigations using cross-country-data have shown that better institutions are 
accompanied by higher economic performance (Hall and Jones 1999; Acemoglu et al. 
2001; Rodrik et al. 2002). Studies that have used micro or national-level data to analyse 
the effects of institutions on economic performance are rather limited and most have 
focused on ex-communist economies where property rights have recently been 
transferred from the state to individuals (Besley 1995; Johnson et al. 2002b). 
The literature on the impact of institutions on economic performance within countries 
has focused on enforcement issues and the administrative quality of the public sector. 
Berkowitz and De Jong (2003), for example, find that businesses are more likely to 
establish themselves in regions that have more political support from the local 
government in Russia, while Laeven and Woodruff (2004) show that more effective 
jurisdictions are associated with larger firms in Mexico. A critical survey of both 
theoretical and empirical impacts of institutions on economic performance can be found 
in Gagliardi (2007). 
In this chapter we investigate institutional reforms in Vietnam and the impact on firm 
economic performance using a provincial competitiveness index for 2006 (PCI06), and 
firm level data in Vietnam from 2005. A study of Vietnam is of particular interest 
because although it has a homogenous political system and government structure, and 
relatively equal government expenditures in different parts of the country, economic 
performance is substantially different across provinces (VNCI-VCCI 2005). 
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Compared to other low-income countries, Vietnam is also characterized by a high level 
of discretion by local government officials (Fforde and Vylder 1996: 260). 
The chapter is structured as follows. Section 5 .2 investigates institutional reforms and 
their implementation in different regions of Vietnam with a particular focus on the 
second phase of the Vietnamese reform process that began in 2000. An overview of the 
history and institutions in Vietnam is presented in Section 5 .3 while the data and 
variables used in our analysis are described in Section 5.4. Section 5.5 presents the 
econometric model and results of our investigations into institutional explanations for 
differences in economic performance across Vietnam. Section 5.6 offers concluding 
remarks. 
5.2 Vietnam: institutional reforms and implementation 
The economic reform process, called 'Doi moi' in Vietnam, has recognised the legal 
existence of the non-state sector since the beginning of the 1990s. Despite this legal 
landmark, the policy environment remained hostile to private businesses in the 1990s. 
Consequently, non-state firms faced many constraints to their establishment and growth. 
The Asian financial crisis in 1998 led to economic stagnation and thus contributed to 
the second phase of Vietnamese economic reforms. These stage two reforms have 
targeted the sustained growth of the non-state sector and were supported by the 
Enterprise Law of 1999. We investigate these institutional reforms and their 
implementation and impacts on firm performance through firm surveys. In this Section, 
we focus on three aspects of institutional performance: (i) provision of information; (ii) 
security of private property rights; and (iii) lower transaction costs that arise from 
reduced administrative procedures and less discretion by state officials. 
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5.2.1 Providing information 
Vietnam has been characterised by a lack of transparency and a service sector to support 
business development (IMF 2000). For instance, the Economist Intelligence Unit's 
report on Vietnam in 1997 observed that there were no business services (including 
information provision) in any of its listed labour categories. 
A survey on 153 firms in Vietnam in 1998 conducted by Service-Growth Consultants 
Inc (Canada) and Thien Ngan (Galaxy) Co.Ltd (Vietnam), with funding from Mekong 
Project Development Facility (MPDF) and the International Finance Corporation (IFC), 
showed an increasing need for market information. One year later, in 1999, MPDF 
conducted a survey of 95 larger private manufacturers and found that a lack of market 
information was the second most important constraint to firm growth (Webster and 
Taussig 1999: 30). Managers often complained about their inability to find information 
on inputs, outputs, alternative suppliers, buyers, price and price trend (Webster 1999). 
Moreover, information about changes in policies and regulations as well as basic 
business registration such as firm name, address, and other details were not available to 
public and responsible officials (VNCI-CIEM 2004). 
The business environment has improved with the issuance of the Enterprise Law (1999) 
that requires firms and business registration bodies to publicise information relating to 
business registration. However, due to incompatibility among government bodies and 
the cost of publicising information in newspapers, the requirement has not been fully 
implemented and varies across provinces. For example, Da Nang (a central province) 
and Ho Chi Minh City have a website with basic firm information. These cities also 
have established a commercial promotion centre to provide firms with market 
information. By contrast, the implementation of the Enterprise Law in other 
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provinces is weak. For instance, in some provinces government agencies continue to 
complain about lack of information on firms and do not know the number of non-state 
firms under their supervision (GTZ-CIEM-UNDP 2004: 17). 
A lack of information persists as a major constraint to the development of non-state 
firms. A survey of 1200 private enterprises in 2001 carried out by the German Agency 
for Technical Cooperation (GTZ) and the Swiss Foundation for Technical Cooperation 
(Swisscontact), in collaboration with InvestConsult Group, revealed a strong demand 
for information about a variety of business topics. A shortage of information about 
market and regulations is also prevalent (GTZ-Swisscontact 2002). Another survey 
implemented in 2001 on 414 private enterprises by MPDF indicated that accessing 
market information and penetrating markets are the biggest obstacles, followed by lack 
of capital (Nguyen et al. 2002: 7). 
Acknowledging difficulties facing non-state firms, the Vietnamese Government issued 
Decree No.90/2001/CP-ND36 in support of the development of small and medium 
enterprises (SMEs)37 and Decision No.94/2002/QD-TTG38 to reform the mechanisms 
and policies to stimulate the development of the non-state sector. These decisions led to 
the formation of the Agency for SME Development (ASMED) in October 2002 that has 
as one of its key roles to provide a countrywide firm information system on technology, 
management, markets, promotion and government regulations related to firm operation. 
36 Translated from the Vietnamese: 'Nghi dinh cua Chinh phli sf> 90/2001/ND-CP ngay 23 thang 11 niim 
2001 vs trq giup phlit tri€n doanh nghi~p vira va nho'. 
37 SMEs in Vietnam are defined as having up to 300 workers. 
38 Translated from the Vietnamese: 'Quyet dinh sf> 94/2002/QD-TTG ngay 17/07/2002 vS chucmg trinh 
hanh d()ng cua chinh phli th\Ic hi~n Nghi quyet hQi nghi lfut thu 5 Ban ChAp Hanh Trung lf cmg Dang 
kh6a IX vS tiep t\lC d6i mcri co che, chinh sach, khuyen khich va t~o diSu ki~n phlit tri€n kinh te tu nhan'. 
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To date, ASMED has worked well in undertaking business registration and regulations. 
Its provision of market information, however, remains weak and implementation varies 
across provinces, depending on the attitude of local government officials towards the 
non-state sector (Malesky 2004). 
To overcome the shortage of information and promote cooperation among firms, firms 
have established their own business associations. In 2002, there were around 200 
business associations operating throughout the country (Nguyen et al. 2002, p. vii) and 
the 2001 survey of MPDF shows that business associations perform well in providing 
information on policies and legal issues to members. Unfortunately, only a few large 
and well-known business associations provide, at a modest level, market information. 
For instance, the Vietnam Chamber of Commerce and Industry (VCCI) is equipped with 
an internet-based information system for SMEs, which is transferred from GTZ 
(www.smenet.com.vn), and has set up a centre to promote cooperation among firms. 
Business development services (BDS) have also been encouraged by the provincial and 
central governments. However, a survey on 7 46 firms conducted in 2002 by CSEG39 
and CIEM40 shows that firms often complain about the quality of information that they 
have bought. Consequently, many firms obtain their information informally through 
friends and relatives (Figure 5.1, page 162). Firms in the survey also consider that a lack 
of information on markets and customers weakens their competitiveness. They, in 
particular, demand information on markets such as identity of local buyers, overseas 
clients, potential partners and price (CSEG and CIEM 2002). 
39 Crawford School of Economics and Government (CSEG) - the Australian National University 
4° Central Institute of Economic Management (CIEM) - The Ministry of Planning and Investment of 
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A recent survey conducted by the World Bank in 2004 of 42 enterprises that are 
contractors and subcontractors reveals that lack of information· is the most limiting 
constraint preventing cooperation. Searching for information about contractors and 
subcontractors is time-consuming. Consequently, firms, especially SMEs, have to rely 
on personal sources to advertise their products. Similarly, contractors find it hard to 
identify an appropriate supplier due to lack of basic data or items such as catalogues or 
brochures that also limit cooperation (Carlier and Tran 2005). 
In summary, institutional reforms since 2000 have improved the provision of 
information relating to regulations. However, weaknesses remain in providing market 
information and the implementation of the central government's regulations and 
policies varies across provinces. Given the preference of firms to rely on business 
associations to obtain information, the development of private institutions such as 
business associations and social norms to stimulate cooperation and sanction breaches is 
necessary. The Russian Chamber of Commerce which provides its members with 
information on companies that have been alleged to have breached contracts (Greif and 
Kandel 1995) may be a good example for Vietnamese business associations. 
5.2.2 More secure property rights 
In 2000, the IMF observed that Vietnam did not have secure private property rights. Six 
years later, the Heritage Foundation 2007 (Kane et al. 2007) gave a score of just 10% to 
Vietnam in terms of security of its property rights, whereas other measures of 
institutional performance are rated above 50%. 'Hot' problems that are related to private 
property rights, and often cited as impeding the private sector performance in Vietnam, 





According to the Constitution of Vietnam, land belongs to the state. The Land Law 
1993, however, recognises the right to use allocated land parcels. This law also allows 
holders to transfer and mortgage the land use right (LUR) for a specific period (Section 
2 - The Land Law 1993). However, because this law does not define clearly the 
functions of related government bodies, the implementation of giving land use right 
certificates (LURC) is very weak. As a result, many non-state firms have their own 
premises but do not have an LURC as collateral for loans. [For instance, according to 
the firm survey in 2002 by CSEG and CIEM, among non-state firms having their own 
premises, only 51.7% hold LURC]. This limits the potential of firms to borrow and to 
grow their businesses (e.g. Ronnas and Ramamurthy 2001; Carlier and Tran 2004a). 
A consequence of the planned economy and the Vietnam Constitution is that all utilised 
land is allocated to individuals and SOEs, and the procedure to apply for land for 
business purposes is both complicated and costly. Firms incur substantial transaction 
costs by visiting many government agencies, paying a large amount in terms of informal 
fees and waiting for around 2-3 years for the final decision (Carlier and Tran 2004b). 
Due to a lack of premises, non-state firms have also to rent un-utilised land from state-
owned enterprises (SOEs) unofficially or from individuals, weakening their 
competitiveness as the market rent is high compared to the official price stipulated by 
the government. In addition, the contract term is often of short duration because 
landlords want to raise rents after short periods to ensure 'catch up' with a rising land 
price. As a result, non-state firms avoid investing in long term assets on their rental 
premises (Carlier and Tran 2004b). The net result is an increase in both transaction and 
transformation costs. 
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To increase the land supply for non-state firms, the government issued the Land Law 
Amendment 1998 and the Domestic Investment Promotion Amendment 1998. These 
promote the construction of industrial zones and require provinces to publish 
information on available land. However, constructing industrial zones takes time 
because it requires compensation be paid for confiscated land. Moreover, there is no 
government body in charge of confiscated non-used land and the publication of 
information on available land depends on local governments (Malesky 2004). 
The new Land Law 2003 may be a turning point for issues associated with land tenure. 
As stipulated by this law, a subordinate system of Land Use Right Registration 
agencies41 is established to take charge ofLURC. This creates a 'one stop shop', saving 
much money and time for LURC applicants. Further, to increase land supply for the 
non-state sector, an agency called the Land Fund Development Organization42 was 
created. Its function is to confiscate non-used land previously allocated to SOEs and 
other organisations. Another break-through of the new Land Law 2003 is that it tries to 
create a clear distinction between formal and informal land prices.43 However, the 
implementation of this law, as in the case of providing market and other information, 
depends on practices oflocal government authorities (Carlier and Tran 2004b). 
41 Translated from Vietnamese 'Van phOng dang ki quy€n sir dvng ddt'. This is an agency belonging to 
local government bodies of natural resources and environment. 
42 Translated from Vietnamese name: T6 ChUc Phat Trien Quy Dk. 
43 The formal price of land is the price that the state pays for confiscated land. This is much lower than 
the market (informal) price, generating a huge benefit for those who get LUR from the state and thus 
induces corruption in this area. 
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5.2.2.2 Contract enforcement and dispute resolution 
The Vietnamese government has carried out many institutional refonns to stimulate the 
development of the non-state sector, but refonns of the judiciary system have been often 
neglected. To date, the sole improvement in this area is the anti-corruption 'voice' of the 
media towards the judiciary system. When weak contract enforcement has existed as 
part of 'business culture' (Doan 1999), the use of the courts to solve disputes is very 
low. For example, in a survey of 259 managers of non-state finns in Hanoi and Ho Chi 
Minh City in 1995-9744, only 9% said that a court or other government agencies could 
help to solve their disputes (McMillan and Woodruff 1999). Although the incidence is 
much higher in the south than the north of Vietnam (Malesky 2004 ), this proportion is 
much lower than in other transition economies (Johnson et al. 2002a). 
Weaknesses in the judiciary system and an attitude that litigation may lead to a negative 
reputation encourages finns to rely on business associations to solve their disputes. 
Calculations based on the data set of the CSEG and CIEM finn survey in 2002 shows 
that only 7% of finns in the sample had disputes during the period of 5 years. Once 
disputes arise, however, business associations are the most common method of 
resolution. The reasons for not using courts include fears about the complications of 
lawsuits, the possibility of an unfair judge and possible damage of reputation with 
business partners. 
A low level of business disputes is not necessarily a positive indication of economic 
development. Rather, it may reflect too much prudence in selecting partners. The survey 
on non-state SMEs of the Ministry of Labour, Invalids and Social Affairs (MO LISA) in 
44 The survey was conducted with support of the Vietnam-Pacific Program and the Academic Senate of 
the University of California, San Diego. 
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1996 and 2001 reveals that cooperation is mostly between non-state SMEs and other 
domestic private enterprises in the same district/town. Relationships outside of the 
regions and with SOEs are few, and there is little cooperation with foreign companies 
(Table 5.1, page 165). Moreover, to get partners to enforce contract agreements, 
contractors (large firms) often delay their payment until the next delivery. This 
accumulates financial difficulties for smaller firms (subcontractors) (Carlier and Tran 
2005). 
As a measure to address problems in the judiciary system, firms in Vietnam prefer to 
rely on business associations to solve their disputes. Thus, strengthening the role of 
business associations should be considered in government policies. For instance, in 
Latin America, associations created by companies have helped to overcome problems in 
the judiciary system (Doner and Schneider 2000). 
5.2.3 Reducing administrative procedures and official arbitrariness 
A significant change in business costs has arisen from the issuance of the Enterprise 
Law 1999 in that many barriers preventing the establishment of firms have been 
reduced. Consequently, the time it takes to establish an enterprise has been reduced 
from 90 to 7 days, on average. The registration fee has also decreased from VND 10 
million to VND 500 thousand. Also importantly, the 'bureaucratic attitude' has 
diminished thanks to a clearer definition of the functions of each government body 
(GTZ-CIEM-UNDP 2004). The Land Law 2003 has also reduced administrative costs 
in obtaining LURC. Business operations, thus, have become more flexible and secure. 
In other areas such as tax reform, unfortunately, red tape and low transparency still 
remain as major obstacles to the establishment and growth of private firms. In a survey 
of 300 firms carried out by the MPDF and World Bank in Vietnam in 2002/03, 
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firms often complain about the discretion and bureaucratic attitude of tax officers. The 
fact that firms have to pay unofficial fees is common because tax officers usually hide 
information, making the regulation environment unclear (Carlier and Tran 2004a). 
Other problems also exist. For instance, legal documents in Vietnam require all 
transactions to be proved by a 'red invoice'45 that can be bought only at tax offices. 
Whenever firms come to buy, tax officers sell only one book (containing 50 invoices). 
This means firms have to come back in two weeks or a month to get more. For some 
firms, visiting a tax office is costly. According to a recent survey conducted by CIEM 
on 360 firms in 2007, on average, a firm has to spend 2,000 hours or 245 days per year, 
which is equivalent to hire one staff member to take charge of all tax procedures, while 
completing the tax regulations only requires about 30 days 
(http://www.dautuchungkhoan.com/Nganhang-Taichinh/2007 /08/23938.0TC). The 
issuance of the Tax Law in 2006, which was enforced in July 2007, will help as firms 
are allowed to calculate and pay taxes online. This is a major administrative reform and 
creates a 'one-stop shop' in terms of business taxation. 
5.3 Institutional implementation: reasons for differences and 
measurement 
The political system and government structures in Vietnam are identical everywhere but 
the implementation of the central government's laws and regulations varies across 
regions. In particular, differences are more pronounced between the north and south of 
45 This is the official invoice published by the Ministry of Finance. The name comes from its colour. 
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the country. History, geography and the complexity of laws and regulations are key 
factors explaining institutional variation. 
History and geography 
Vietnamese culture originated in the north and in the Red River Delta (RRD) in 
particular. Early in its history, the RRD was characterised by a high population density 
with almost all in rural areas with poor infrastructure that limited communications 
between districts and provinces (Gourou 1936). 
In terms of economic structure, the Vietnamese culture was historically characterised by 
wet rice cultivation and village settlements. The village was an autonomous community 
which collected taxes from its citizens and fulfilled its obligations to the state. Tax 
obligations of a village were levied on the number of its citizens. Because there was no 
official birth and death registration system, coupled with the difficult communication, 
chiefs of villages had incentives to hide the number of new births from the government 
to keep a proportion of collected taxes for their own benefit. The independence of 
villages was manifested by the sayings 'phep vua thua l~ lang' - translated as 'the laws 
of the King yield to the customs of the village' that is still true until today. 
The population of the RRD generated little surplus production. Commercial markets 
were very small. Citizens produced most of their need from food to housing materials, 
and were inclined toward saving (Gourou 1936). In summary, a high level of 
independence of local governments, lack of transparency between local and central 
governments, and self-sufficiency are the heritage of the north. 
The south, with its core area of the Mekong River Delta (MRD), has been settled by 
people from the north and centre of Vietnam since the 17th century. The first 
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migrants to the south from the north and centre were those who had lost, or could not 
find, a place in the villages (Thach Phuong et al. 1992). Difficulties for the first 
migrants stimulated a cooperative and audacious attitude among these frontiermen (Son 
Nam 2000). 
The contrast between the RRD and MRD is documented by Rambo (1973), Taylor 
(1983), Jamieson (1993) and Brocheux (1995). As described in these studies, village 
organisations in the south were much less rigid when compared to the closed political 
center of villages in the north. Moreover, less diversity in the environment reduced 
differences in locally adapted agricultural production and the need for systems as in the 
north. Contrary to the 'closed community' in the north, southern people have also been 
characterised as being open and less accepting of northern traditional norms. They 
consume more and this substantial consumption difference between RRD and MRD 
remains true today, as shown in Table 5.2 (page 165). 
More predictable and benign weather in the MRD, coupled with a convenient water 
transportation system, promoted faster economic development in the south. The south 
also experienced a greater western influence because the French exercised direct control 
in the south first and later developed French rule and administered indirectly the north, 
through local Vietnamese administrators (Jamieson 1993: 5). Moreover, twenty-five 
years of exposure to the world market economy until 197 5 has made southern 
Vietnamese more market-minded. 
The complexity of laws 
In Vietnam, due to the complexity of law, to guide the implementation of laws, a large 
number of sublaws such as decrees, decisions and regulations are issued. This, in tum, 
makes the regulatory environment more complicated, and the implementation of 
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laws depends very much on the interpretation of local officials (Gillespie 1993; Le et al. 
1999; Webster 1999; GTZ-CIEM-UNDP 2004; Nguyen et al. 2004). Even when 
regulations are clear, there are always opportunities for local authorities to apply their 
own interpretation to central policies (Tenev et al. 2003). 
Institution implementation measurement 
History, differences in culture and geography, and the complexity oflaws, have led to a 
high level of discretion by local authorities in the implementation of rules and decrees 
in Vietnam. This is particularly true in the implementation of the central government's 
regulations and policies towards the non-state sector. An indicator, which measures the 
attitude and the implementation of laws and central government regulations and policies 
at a provincial level, is the provincial competitiveness index (PCI). The first PCI was 
calculated in 2005 (PCI05) for 42 provinces, based on a firm survey and also on 
interviews with state officials in 2004. The PCI05 is a weighted index of 9 sub-indices: 
business entry costs; access to land; transparency and access to information; time costs 
of regulatory compliance; informal charges; implementation and consistency of 
policies; state sector bias; pro-activity of provincial leadership; and private sector 
development policies. While each sub-index is scored from 1 to 10, the PCI is marked 
from 1 to 100 with a higher score indicating better institutional performance. 
Following the success of the PCI05, the Vietnam Competitiveness Initiative (VNCI) - a 
USAID (the United States Agency for International Development) funded project, and 
the Vietnam Chamber of Commerce and Industry (VCCI) repeated its study in 2006 
based on the firm survey in 2005. Both PCI05 and PCI06 reflect the improvement of 
institutions at a provincial level since the issuance of the Enterprise Law in 1999. 
Nevertheless, the results from the PCI06 are considered more reliable for several 
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reasons. First, all 64 provinces of the country participated in 2005, thus increasing the 
number of surveyed firms three-fold (6379 businesses versus 2020 firms in 2004). 
Second, two new sub-indices, 'labour training' and 'legal institutions', were introduced 
(VNCI-VCCI 2006). The 'labour training' index assesses provincial assistance with 
skilled labour shortage while the 'legal institutions' index reflects the generalised trust 
of private businesses in the judiciary system to resolve disputes. Third, the methodology 
to calculate sub-indices, assigned weight, and the aggregate PCI was improved (VNCI-
VCCI 2006: 1 ). 
Overall, the PCI reflects the arbitrariness, red tape and corruption of local government 
officials in the way they implement legal documents and policies from the central 
government. As the PCI06 is more reliable in terms of statistics, most of the estimations 
in this chapter use the PCI06 and its sub-indices. 
5.4 Data and variables 
To analyse the impact of institutional changes on firm performance since the second 
phase of reform in 2000, we combine the use of the PCI06 described above and 
countrywide firm level data by province in 2005. The survey is conducted by the 
General Statistics Office of Vietnam. Although this is the country-wide enterprise 
survey, information on costs is limited to the sample. As the paper focuses on the effect 
of institutions on non-state enterprise performance, only the sub-sample of non-state 
manufacturing firms is used. In addition, the exclusion of missing and irrelevant values, 
including negative value-added (VA), visible outliers, large firms that employ more 
than 2,000 workers, and provinces with a small numbers of enterprises, reduces the 
sample to 1, 727 observations. Summary statistics from the firm characteristics of survey 
data are presented in Table 5 .3 (page 166) 
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Currently, the non-state sector in Vietnain includes household firms, cooperative 
enterprises, sole proprietorships, partnership enterprises, and limited and shareholding 
companies. However, the survey conducted by the GSO only collects information on 
formally registered firms. Thus, household enterprises are not included in the survey 
and because there are only four partnership enterprises included in the sample, we also 
exclude them from the analysis. 
Column 1, Table 5.3 shows that the majority of non-state enterprises in the sample are 
limited companies, followed by sole proprietorship firms. Firms at a small and medium 
size, using from 10 to 300 workers, dominate this sample. Most of the firms in the 
sample were established at the time the reforms took place in 2000 (column 2). Other 
indicators including firm size, fixed asset and VA show that large firms and advanced 
structures, including limited and shareholding companies, have higher VA and fixed 
assets. 
We model the effects of institutional differences by province on firm labour 
productivity. To control for differences in firm specific characteristics, dummy variables 
for firm size, including micro, small, medium and large groups46, firm age, capital 
intensity (as measured as fixed assets per worker) and ownership types are included. 
The economic environment that affects firm performance, such as the initial 
endowments of provinces including human capital and market size, is included in the 
model as a control. Human capital is measured by the percentage of graduates in the 
total population of each province using the 1999 population census data. Another way 
of measuring human capital is the proportion of students enrolled in professional high 
46 By definition, micro firms employ less than 10 workers while large firms have 300 workers and above. 
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school education as a proportion of the provincial total population in 2001. This 
variable reflects, to some extent, local needs for skilled workers. This information is 
extracted from the standard statistical book for 64 provinces of Vietnam (GSO 2005). 
Market size is measured by the proportion of population of each province over the total 
population and per capita GDP. Per capita GDP is calculated as the average value for 
the period 2001-04 [market size is included as a control because a large market can 
support mass production and advanced technologies (Rosenstein-Rodan 1943; Murphy 
et al. 1989) that can increase labour productivity (LP)]. Appendix 5.1 provides more 
detail on variables and indices used in the estimated models. 
5.5 Econometric model and results 
The model we estimate to analyse the impacts of institutions on firm performance in 
Vietnam is given by equation (5.1). 
(5.1) 
where: lpu is labour productivity of firm i at province j 
/30 is firm specific effect 
X; is a vector of firm specific characteristics 
Z j is a vector of the provincial initial endowment 
r is a vector of institution variables 
e u is the error term 
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As often cited in the literature, differences in history and culture are the reasons for 
differences in economic performance between the north and south of Vietnam. Kim 
(2006) finds evidence of differences in property rights between the north and south and 
attributes it to differentials in social norms and politics. To test the hypothesis that 
differences in history and culture affect firm performance, a North dummy variable is 
used as a proxy for institutions in model ( 5 .1 ). Controlling for differences in firm 
characteristics, human capital and market size, we find the evidence that, overall, firms 
located in the south perform better than those in the north (specification 1, column 1 and 
2, Table 5.4, page 167). 
The argument that the south used to be a market economy and thus has more experience 
under the liberalised era than the northern bureaucracy-rooted economy seems 
reasonable. However, Nguyen et al. (2004) argue that history is not an important 
indicator as the reform process began some 15 years ago. During that period the north 
approached western economies faster than the south as more scholarships to study in 
western countries were allocated to the north and returned scholars might bring western 
working styles to the north. They also make a comparison of economic performance 
among some provinces in the south with some in the north and conclude that differences 
in economic performance arise from differences in the implementation of legal 
regulations and policies rather than history. 
We argue that history still matters and differences in history and culture define the way 
institutions are implemented. Our evidence is that when PCI06 is added into 
specification 1, it is insignificant and the power of North becomes smaller (column 4, 
Table 5 .4 ). This is because PCf 06 is highly correlated with the north-south dummy 
(Table 5.5, page 167) and it is likely that the dominant impact of social norms 
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influences the power of the institutional variable. 
The relationship between the total PCI06 and its sub-indices with regions are also 
examined in Figure 5.2 (page 163) where each plotted dot reflects the province rank in 
implementing the central government institutions and policies. The vertical line divides 
provinces into northern and southern regions where northern provinces are located on 
the left of the line. The horizontal line goes through the middle performing points and 
splits plotted points into lower and higher governance performers (below and above the 
line, respectively). Overall, southern provinces are often found in the northeast comer of 
each figure, indicating that southern provinces implement the central government 
regulations and policies better than those in the north. It is also seen that the judiciary 
system is the worst performing area as the majority of provinces are located under the 
horizontal line (Figure 5.2e, page 163). 
To investigate the impact of institutional implementation on firm performance, we 
include PCI06 into model (5.1) and exclude North to reduce multicollinearity. The 
effects of sub-indices are also investigated by additional specifications presented in 
Table 5.6 (page 168). For instance, the effects of information provision on firm 
performance are examined in specifications 4 and 5 (Table 5.6). 'Information' in 
specification 4 presents the level of access to the central government regulations and 
policies at the province level, while specification 5 reflects the availability of market 
information. Differences in property rights can be evaluated through an 'access to land' 
index (specification 6) and disputes (specification 7). Disputes are measured by the 
'legal institutions' index, which indicates the confidence of the private sector in the 
judiciary system to resolve their disputes. The possible impact of a lowering of 
transaction costs through simplifying administrative procedures and reducing state 
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officers' arbitrariness on firm performance is analysed in specification 8. This 
specification of institutional performance is constructed from 'entry cost' and 'time 
costs of regulatory compliance' indices, respecting their weight in the PCI06. 'Labour 
training' presented in specification 9 does not reflect institutional reforms, rather it 
reflects the supporting attitude of local government to promoting the development of the 
non-state sector. This index is included in the analysis because unskilled workers and 
managers may impede growth of non-state enterprises and thus government assistance 
in this area could be important (see Appendix 5 .1 for the description of indices used in 
the estimated models). 
To check the robustness of variables included into various specifications, we apply a 
general-to-specific modeling approach in Hendry and Krolzig (2001). Once a general 
unrestricted model (GUM) is formulated, the algorithm of the method checks outliers, 
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defined by its number of a ouM unit. Impacts of these outliers on the dependant variable 
are neutralised by creating dummy variables for each outlier. In a second stage, a 
multiple search path using Monte Carlo simulation is used to evaluate relevant variables 
to be retained in the simplified model. Principally, the multiple search path removes 
insignificant variables from the GUM. After obtaining a specific model, the significance 
of parameters in the final selected model is evaluated in two over-lapping sub-samples 
(Owen 2003). Reliability statistics are reported. A higher reliability value indicates 
higher level of statistical significance of the selected variable in both the full sample and 
sub-samples. These results are presented in Table 5.6 (page 168). 
As shown in Table 5.6 (page 168), there is no heteroskedasticity in all models studied 
and the Chow tests at mid-point and 90th percentile breakpoints confirm the constancy 
of parameters. The results indicate that firm age has a positive effect on labour 
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productivity. One more year of operation makes firms more efficient presumably due to 
the accumulation of skills and experience, reflecting the 'learning by doing' process. 
Among different firm sizes, large groups are excluded from the model as a reference 
group. The Monte Carlo study retains only micro groups in the specific models. Small 
and medium groups do not satisfy the statistical significance of the 'pre-search' tests 
and thus, are excluded from the models. This implies that statistical differences in firm 
performance are only found between micro and large groups. Cooperatives perform less 
efficiently than sole-proprietorships (excluded from the model as a base) because they 
have disadvantages in terms of capital and flexibility in making decisions. 47 Limited 
and shareholding companies are modem establishments with advanced technology and 
management skills, hence performing better than sole-proprietorships. 
The proportion of graduates over total population in 1999 has the expected positive 
sign, at least in some cases (column 1 and 10, Table 5.6). The percentage of 
professional high school students (edusOJ) has an insignificant impact on firm 
performance and is excluded from the models by the general to specific modeling 
procedure. This may be because the number of students is not a good indicator for 
human capital of provinces as a proportion of students come from other provinces to 
study and later return to their place of origin. Per capita GDP also has the expected 
positive sign and the reliability of being included into the model of this variable is 
100%. 
47 Under the Law on Cooperatives, all members of a cooperative enterprise have an equal vote in every 





The parameter of interest in equation (1), y, estimated by PcGets - software which is 
used to implement the general to specific modeling approach - reveals an interesting 
aspect of the institutional reforms in Vietnam. As expected, the overall institutional 
index PCI06 has a positive effect on firm performance (specification 3, column 1, Table 
5.6). The result shows that after controlling for differences in firm characteristics and 
provincial initial endowments, a one percentage point improvement in government 
practices increases firm LP by 0.7%. This is equivalent to an increase in the value-added 
of the sample mean firm by VND 77,496.5 per day that corresponds to a nearly three-
fold increase in the Vietnamese daily per capita GDP (VND 28,050.12) in 2005.48 
Information provision in specification 4 (column 4, Table 5.6) reflects the impacts of 
the transparency in governme~t policies and regulations on firm performance. 
Compared to the period before the enterprise law (1999), the availability of regulatory 
information has much improved with most provinces rated above the average level 
(Figure 5.2b, page 163). However, improvements in this area merely reduce troubles 
facing non.;state firms in terms of acknowledging the macro-economic environment, and 
thus can not promote firm performance. In fact, firms need market information to 
expand their businesses. Although the improvement in providing market information 
has been moderate, it has a positive effect on firm economic performance as reflected in 
specification 5 (column 7, Table 5.6). Provinces with a one percentage point higher in 
48 The sample mean firm employs 131.35 workers and has a ln(lp) =3.427. An increase by 0.7% of 
labour productivity is equivalent to an increase ofVND 590 per day. On average, this increases the VA of 
the sample mean firm by VND 77,546.5, nearly three times per capita GDP per day (VND 28,050.12). 
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providing firms with market information can increase firm LP by 5.3%. This is much 
higher than the increase of LP due to the improvement in the total PCI. 
Institutional reforms related to land issues have positive impacts on firm performance. 
Results from specification 6 (column 10, Table 5.6) show a big improvement in firm 
performance if the governance level is better. For instance, if Hanoi - the region with 
the highest human capital with per capita GDP almost twice that of Soc Trang (a poor 
province in the south) - could improve its implementation of land reforms by 3.79 
points to catch up Soc Trang, an average firm in Hanoi can increase its LP by 38.66%. 
This is equivalent to an increase of VA of an average firm in Hanoi by VND 37,603, or 
1.34 times of the daily per capita GDP in 2005. The result is, perhaps, a good answer for 
the puzzle posed in Nguyen et al. (2004) 'why southern provinces grow much faster 
than those in the north'. However, it should be noted that the statistical reliability of 
'land' reported by PcGets is only 22.3%. That means this variable is significant in the 
full sample, but not in both sub-samples in the overlapping analysis. 
Other aspects of institutional reforms including 'dispute' and 'transaction cost' have 
insignificant effects on firm performance (specification 7 and 8), and hence are 
eliminated from the model by the multiple search path of PcGets. The insignificant 
effect of 'dispute' can be explained by no reform in this area. On the other hand, 
'transaction cost' measures the aggregate effect of diminishing time for firm entry, land 
acquisition and bureaucratic compliance. Albeit that entry cost has decreased 
significantly since the second phase reform, this is still more costly than in other 
countries (Youth Newspaper49 12th Oct 2006) and helps firms in the establishment stage 
49 Translated from Vietnamese 'Bao Thanh Nien' ngay 12/10/2006. 
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only. Furthermore, red tape and discretion of state officials remain in many areas, 
causing difficulties for the operation of firms. Government assistance in labour training 
has a positive impact on firm LP (column 19, Table 5.6). This positive effect indicates 
that central and local governments prescribe a correct policy for a persistent illness of 
unskilled workers in non-state firms. The findings imply that although all governance 
areas need to be improved, a good reform strategy would be to focus on good 
governance services, labour training and effective dispute resolution. 
To assess the economic significance of the effects of PC/06, we calculate the average of 
firm observed LP for each province and graph the mean observed LP on PC/06. We 
also carry out a simple simulation based on specification 3 in Table 5.6. As all 
coefficients in this specific model are significantly different from zero, no variable is 
excluded from the simulation. The predicted log(lp) is then transformed into levels. 
The mean of firm predicted LP is computed for each province and graphed on PC/06 as 
well. If the ranking of the mean of the observed and predicted LP on the PCI06 is 
different, the estimated coefficients are only statistically significant, not economically 
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significant. Figure 5.3 (page 164) presents the rankings of the mean observed and 
predicted LP of firms in each province. 
As shown in Figure 5.3, the pattern of the mean observed and predicted LP is not 
different. Overall, the average firm in provinces with higher PCI06 has higher LP. We 
also categorise the predicted LP of the average firm for each province into quartiles in 
ascending order of PCI06. The average of predicted LP of the lowest and highest 
quartile groups is computed. The ratio of these means is 1.18, indicating that PCI06 is 
both economically and statistically significant in explaining differences in firm 
performance. The findings imply that in the short term, provinces can promote the 
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sustainable development of the non-state sector by more effective implementation of 
central government reforms. 
5.6 Conclusion 
The transition period in Vietnam has witnessed much effort by the Vietnamese 
government in building institutions supporting markets. These institutional reforms, 
especially since the second phase in 2000, focus on the sustainable development of the 
non-state sector. The reforms have significantly improved the provision of regulatory 
information and, to some extent, market information. Land tenure and entry costs have 
been also improved. However, weaknesses remain in the judiciary system and 
administration reforms to reduce government officials' discretion. 
The prominent feature of the institutional reforms in Vietnam is the differences in the 
implementation of the central government's regulations and policies in different regions 
of the country. These differences are more pronounced between the north and the south 
and the causes for this institutional variation are history, geography and the complexity 
of laws in Vietnam. 
To examine the impact of institutional reforms on firm economic performance, we use 
firm level data in Vietnam in 2005 and the provincial competitiveness index in 2006 
(PCI06). The results indicate that good governance practices, reflected by PCI06, are 
both statistically and economically significant in explaining differences in firm 
economic performance among provinces. Based on the estimated model, we show that a 
one percentage point improvement in government practices could increase the value-
added of the sample mean firm by an amount equal to a nearly three-times increase in 
the Vietnamese daily per capita GDP. 
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The results indicate that an improvement of institutions in providing firms with market 
information, securing land tenure and labour training assistance, positively increases 
firm labour productivity. The implications are that central and local governments 
prescribe correct policies for non-state firms' persistent problems, including lack of 
market information, and land and skilled worker shortages. The insignificant impact of 
transaction costs and dispute resolution implies that attention should be paid to 
administrative reforms to reduce government officials' discretion and also the weakness 
of the judiciary system. 
Overall, the results show that governance is an important obstacle to the development of 
the non-state business sector and that institutions matter in terms of private firm 
economic performance in Vietnam. 
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5.7 Appendix 5.1 



























Log of labour productivity 
Capital/labour ratio 
Number of years of operation 
Dummy variable for micro firm 
Dummy variable for small firm 
Dummy variable for medium firm 
Dummy variable for large firm -
excluded from the model as a 
reference group 
Source 
GSO firm survey in 2005 
GSO firm survey in 2005 
GSO firm survey in 2005 
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Dummy variable for cooperative GSO firm survey in 2005 Firm 
firm 
Dummy variable for sole- GSO firm survey in 2005 Firm 
proprietorship - excluded from the 
model as a base 
Dummy variable for limited GSO firm survey in 2005 Firm 
companies 
Dummy variable for shareholding GSO firm survey in 2005 Firm 
companies 
Proportion of students enrolled in 
professional high school education 
as a proportion of the provincial 
total population in 2001 
Percentage of graduates in the 
total population of each province 
Average per capita GDP during 
2001-04 
Proportion of population of each 
province over the total population 
Regional dummy variable 
Provincial competitiveness index, 
2006 
GSO, (2005) 'Socio- Province 
economic statistical data 
of 64 provinces and cities' 
book 
GSO, population census in Province 
1999 
GSO website (GDP and Province 
population) 
GSO website (population) Province 
VNCI&VCCI, 2006 Province 
'Transparency and access to VNCI&VCCI, 2006 
information' index 
Province 
'Private sector development VNCI&VCCI, 2006 
services' index 
'Land access and security of VNCI&VCCI, 2006 
tenure index' 
'Legal institutions' index 
Weighted index of 'entry costs' 
and 'time costs of regulatory 
compliance' indices 
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Figure 5.3 Rankings of observed and predicted mean LP on PC/06 
164 
Tables 
Table 5.1 Distribution of contractors 
1996 {%} 2001{%} 
Non-state enterprise in same district/town 65.12 43.02 
Non-state enterprise outside district/town 11.63 25.58 
State enterprise in same district/town 8.14 13.95 
State enterprise outside district/town 6.98 11.63 
Foreign company 4.65 1.16 
Other 3.49 4.65 
Total 100.00 100.00 
Source: Author's calculation based on the data set ofMOLISA on SMEs 
Table 5.2 Consumption per capita 1995-2005 
VNDt million/Eerson 
Year Whole RRD North North North South Central South MRD 
nation East West Central Central Highlands East 
Coast Coast 
1995 1.66 1.37 0.72 0.63 0.87 1.70 0.67 4.22 1.54 
1996 1.97 1.66 0.99 0.77 1.02 1.95 1.02 4.90 1.75 
1997 2.15 1.76 1.08 0.71 1.14 2.20 1.16 5.22 2.00 
1998 2.43 1.98 1.23 0.82 1.24 2.44 1.34 5.99 2.22 
1999 2.59 2.17 1.19 0.85 1.32 2.62 1.58 6.25 2.39 
2000 2.84 2.53 1.27 0.90 1.47 2.59 1.79 6.70 2.66 
2001 3.12 2.74 1.72 1.01 1.59 3.07 1.85 7.14 2.86 
2002 3.52 3.21 1.95 1.18 1.73 3.24 2.10 8.04 3.23 
2003 4.13 3.75 2.25 1.24 1.97 3.96 2.31 9.44 3.79 
2004 4.86 4.44 2.74 1.54 2.35 4.54 2.77 10.95 4.47 
2005 5.78 5.31 3.18 2.01 2.75 5.31 3.38 12.94 5.36 
Source: GSO (www.gso.gov.vn) 
Note: t The currency of Vietnam. 
Based on differences in geography, history and culture, and politics, Vietnam is divided into 
8 ecological regions: RRD includes 11 provinces in the Red River area; North East contains 
11 highland and mountainous provinces north east of Hanoi; North West includes 4 
mountainous provinces north west of Hanoi. North Central Coast includes 6 north coast 
provinces while South Central Coast includes 6 south coast provinces. Central Highlands 
contains 4 highland provinces in the central south. The South East includes Ho Chi Minh 
City and other developed provinces in the south, while the MRD contains 12 provinces. 
165 
Table 5.3 Firm characteristics b~ ownershiI? kind and firm size 
Firm % of firms Avg firm Avg firm Avg fixed Avg value-
ownership established age(# size(# asset added 
& size since 2000 years) workers) (VND (VND 
distribution billion) billion) 
(%) 
(1) (2) (3) (4) (5) (6) 
Total 100.00 64.97 7.02 131.39 7054.76 8060.82 
(6.84) (229.37) (17599.19) (19816.66) 
Firm ownership 
• Cooperative 4.52 28.21 14.38 81.55 1661.33 3400.04 
(13.24) (153.24) (5611.86) (11581.84) 
• Sole 25.07 63.74 6.60 50.95 1846.67 2963.97 
proprietorshi (4.09) (107.89) (4256.89) (10299.78) 
p 
•Limited 55.18 69.25 5.67 142.54 7889.18 7926.12 
(3.33) (244.29) (18975.54) (18305.15) 
• Shareholding 15.23 62.36 10.45 237.89 14205.28 18322.59 
(12.39) (283.48) (24199.47) (31622.33) 
Firm size 
•Micro 11.52 71.36 5.71 6.01 459.06 547.70 
(4.29) (2.09) (557.45) (2755.08) 
• Small 42.04 71.07 6.15 24.25 1656.19 2468.61 
(5.73) (10.91) (3496.93) (9109.58) 
•Medium 34.11 60.61 7.77 128.72 7987.35 9631.12 
(7.71) (70.20) (13270.39) (19195.41) 
•Large 12.33 50.23 9.16 620.44 29038.84 29798.58 
(8.72) (346.29) (36912.01) (35251.00) 
Source: Author's calculation based on the countrywide firm survey 2004 (GSO) 
Note: Numbers in parentheses are standard errors 
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Table 5.4 Impact of history and culture on firm performance 
Dependent variable: log(lp) 
1: North only 2: North & PCI06 























































































Note: 1 Number of observations. Large groups and sole-proprietorships 
are excluded as reference groups 










Note: Figures in the Table are correlation coefficients 
167 
Table 5.6 Reliabili~ and coefficients of variables in the firm eerformance model 
General model Specific model - Dependent variable: log(labour productivity) 
3: PCI06 4: Information 1 5: Information 2 
Coe ff Std-err Reliable Coe ff Std-err Reliable Coe ff Std-err Reliable 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Constant 2.466*** 0.181 1.000 2.843*** 0.067 1.000 2.565*** 0.122 1.000 
K*Lratio 0.002*** 0.000 1.000 0.002*** 0.000 1.000 0.002*** 0.000 1.000 
Firm age 0.008** 0.004 1.000 0.008** 0.004 1.000 0.009** 0.004 1.000 
Micro -0.177** 0.080 1.000 -0.194** 0.079 1.000 -0.168** 0.079 0.700 
Small Exct Exct Exct 
Medium Exct Exct Exct 
Cooperative -0.602*** 0.130 1.000 -0.579*** 0.130 1.000 -0.615*** 0.130 1.000 
Limited 0.173** 0.063 1.000 0.222*** 0.062 1.000 0.202*** 0.061 1.000 
Shareholding 0.486*** 0.084 1.000 0.525*** 0.082 1.000 0.526*** 0.081 1.000 
EdusOl Exct Exct Exct 
Edu99 0.017** 0.007 0.592 Exct Exct 
GDPP 0.016*** 0.006 1.000 0.029*** 0.005 1.000 0.020*** 0.006 1.000 
% of population Exct Exct Exct 
PCI05 
PCI06 0.007** 0.003 0.530 
Information l Exc1 





Number of obs 1727 1727 1727 
# of outliers 52 51 52 
Chow (864:1) 0.9260 0.9029 0.8973 
Chow (1555:1) 0.6593 0.8827 0.6858 
Hetero test (Prob) 0.5948 0.8460 0.8852 
Note: t Exe means the variable is not relevant and excluded from the model by the algorithm simulation. 
'***'; '**' are significant at l % and 5%, respectively. 
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Table 5.6 ~continuedl 
General model Specific model - Dependent variable: log(labour productivity) 
6: Land 7: Dispute 8:Transaction cost 9: Labour training 
Coe ff Std-err Reliable Coe ff Std-err Reliable Coe ff Std-err Reliable Coe ff Std-err Reliable 
(IO) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) 
Constant 2.191*** 0.329 1.000 2.843*** 0.067 1.000 2.843*** 0.067 1.000 2.635*** 0.127 1.000 
K*Lratio 0.002*** 0.000 1.000 0.002*** 0.000 1.000 0.002*** 0.000 1.000 0.002*** 0.000 1.000 
Finn age 0.008** 0.004 1.000 0.008** 0.004 1.000 0.008** 0.004 1.000 0.009** 0.004 1.000 
Micro -0.209*** 0.079 1.000 -0.194** 0.079 1.000 -0.194** 0.079 1.000 -0.185** 0.080 1.000 
Small Exct Exct Exct Exct 
Medium Exct Exct Exct Exct 
Cooperative -0.581 *** 0.131 1.000 -0.579*** 0.130 1.000 -0.579*** 0.130 1.000 -0.586*** 0.130 1.000 
Limited 0.202** 0.064 1.000 0.222*** 0.062 1.000 0.222*** 0.062 1.000 0.212*** 0.062 1.000 
Shareholding 0.504*** 0.084 1.000 0.525*** 0.082 1.000 0.525*** 0.082 1.000 0.519*** 0.082 1.000 
EdusOl Exct Exct Exct Exct 
Edu99 0.027*** 0.010 0.700 Exct Exct Exct 
GDPP 0.027*** 0.006 1.000 0.029*** 0.005 1.000 0.029*** 0.005 1.000 0.024*** 0.006 1.000 





Land 0.102** 0.049 0.223 
Dispute Exct 
Transaction cost Exct 
Labour training 0.040** 0.019 0.471 
Number of obs 1727 1727 1727 1727 
# of outliers 52 51 51 51 
Chow (864:1) 0.9260 0.9029 0.9029 0.9266 
Chow (1555:1) 0.8860 0.8827 0.8827 0.8926 
Hetero test (Prob) 0.6263 0.8460 0.8460 0.7482 
Note: t Exe means the variable is not relevant and excluded from the model by the algorithm simulation. 





The purpose of the thesis is to explore the performance of non-state enterprises in 
Vietnam and the impacts of institutional reforms on their performance since the 'Doi 
moi' economic reforms. The reforms brought the non-state sector from an 'illegal' to 
'legal' status and introduced many institutional changes to create a 'level playing field' 
for all economic sectors and to promote the sustainable development of the non-state 
sector. 
An investigation into the historical development, general characteristics, performance 
and constraints facing non-state enterprises in Chapter 2 shows that the non-state sector 
in Vietnam has been characterised by operations at a small and medium scale, 
dominated by household enterprises. Although the non-state sector has been successful 
at creating jobs, especially for unskilled labour from rural areas, non-state firms' 
survival rates and contribution to the industrial outputs and GDP is moderate given the 
upsurge in the number of new firms. This may be because of constraints such as: few 
market opportunities, lack of market information and land, limited capital, and the 
shortage of skilled worker. In addition, despite efforts of the Vietnamese government in 
creating a favourable policy environment, non-state firms encounter a high level of 
discretion of government officials. Although there has been an increasing number of 
more advanced enterprises, including limited and shareholding companies, the non-state 
sector dominates labour-intensive areas with low capital investment. 
The performance of non-state enterprises is examined in Chapters 3 and 4 using the data 
set of non-state small and medium manufacturing enterprises from 1991, 1996 and 
2001. Chapter 3 uses the stochastic frontier method to estimate technical efficiency of 
non-state firms and evaluate factors influencing this efficiency level. The results show 
that the average level of efficiency of non-state small and medium manufacturing 
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industries was high, and increased during the period studied. Results also indicate a 
wide range in efficiency among firms. 
Based on the estimated frontier production function, production elasticities are 
calculated showing that non-state small and medium manufacturing firms in Vietnam 
still maintain low-cost labour advantages and, thus, have low added value and returns. 
Moreover, the insignificant impact of firm age indicates few or no gains from the 
'learning by doing' process, that may reflect low initial human capital endowments in 
non-state firms. 
A higher proportion of hard working family labour and better-educated workers and 
managers in metropolitan areas appears to be relative advantageous for firms during the 
transition period. The results indicate few benefits from government financial and non-
financial assistance and this support does not appear to be based on any identifiable 
performance criteria. 
The performance of non-state small and medium firms is further investigated in Chapter 
4. In this chapter, a new method called the 'error index decomposition method' is 
developed. The method introduces an error term into the decomposition equation to 
capture measurement biases and white noise that are generated by using the industry 
deflator instead of the observed price to resolve the dimensionality problem. Using the 
data set of non-state small and medium manufacturing firms in 1996 and 2001, the 
method allows a firm's value-added to be decomposed into the contribution of total 
factor productivity, firm size in terms of capital and labour, and prices of outputs and 
intermediate inputs. 
The results indicate that value-added increases with firm size and there is an increasing 
trend of total factor productivity with the use of machinery capital. The 
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decompositions show that total factor productivity is the most important factor 
contributing to a firm's value-added. A further decomposition of total factor 
productivity into capital and labour productivity shows that large firms use capital more 
efficiently than small enterprises, while labour productivity is somewhat similar among 
different firm sizes. This implies that the contribution of labour to value-added is 
mainly due to the higher absolute value of value-added as a result of a higher wage 
proportion, not necessarily to a higher value of a product. This fmding, again, is a 
warning of weak management skills, unskilled workers and weak competitiveness of 
non-state small and medium manufacturing enterprises in Vietnam 
The results in Chapter 4 also indicate the ineffectiveness of government assistance 
programs because the majority of assistance recipients are poor performers. This is not 
because government support programs target weak firms, but costly procedures and few 
benefits from government support encourage strong firms to rely on their own 
resources. 
The policy implications of the thesis are clear. Non-state enterprises in Vietnam need 
support from government to improve workers and managers' skills to enhance labour 
productivity, and, therefore, total factor productivity. They also need the government to 
disentangle their capital shortages to upgrading technology because the majority of 
firms have obtained a high level of technical efficiency given the current technology. 
Improving productivity is the only choice for Vietnamese non-state firms to escape a 
low cost-labour trap and to increase their competitiveness. Further, the development of 
high quality business development services that stimulate firms to use outsourcing 
services to release them from the burden of over-recruitment, and thus, increase the 
value of a product, should be considered in the non-state sector promotion program. 
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Constraints facing non-state enterprises in the 1990s have been somehow eased with the 
introduction of many policy and institutional changes favouring the development of the 
non-state sector since 2000. However, the implementation of these institutional reforms 
varies across provinces, depending on the local government attitude towards the non-
state sector. The impacts of institutional changes on firm performance are analysed in 
Chapter 5 using firm level data in Vietnam in 2005 and the provincial competitiveness 
index in 2006. The results indicate that good governance practices are both statistically 
and economically significant in explaining differences in firm economic performance 
among provinces. 
Institutional performance, in terms of providing market information and more secure 
land tenure, positively increase labour productivity. Nevertheless, administrative 
reforms to diminish transaction costs through simplifying administrative procedures and 
reducing local government officials' discretion do not appear to have any effect on firm 
performance. Few reforms in the judiciary system lead to insignificant impacts on a 
firm labour productivity. The positive effect of labour training assistance implies that 
central and local governments implement apparently correct policies for the persistent 
problem of unskilled workers in non-state firms. 
The findings imply that governance is an important obstacle to the development of the 
non-state business sector, and that a . wise strategy to promote the sustainable 
development of the non-state sector should focus on administrative reforms to reduce 
government officials' discretion. Weaknesses of the judiciary system need to be 
improved and other informal institutions should be developed to enhance cooperation 
among firms. In addition, labour training assistance and preferred loans that allow firms 
to upgrade their current obsolete technology promise the take-off of the non-state sector 
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in Vietnam. 
This thesis has limitations that offer possibilities for further work. Firstly, because of the 
nature of the data, we can not measure economic efficiency and decompose it into 
allocative and technical efficiencies. Technological progress and technical efficiency 
changes during the period studied also could not be decomposed. The availability by the 
end of 2007 of the follow-up survey of non-state small and medium firms in 2005 may 
enrich the panel data that allows analysis of changes of firm performance during the 
period 1996-2005. This also offers possibilities for extending the thesis using recent 
extensions of the stochastic frontier such as the meta-frontier analysis (Battese and Rao 
2002) and the random parameters model (Greene 2005). The meta-frontier function 
allows investigation of technical efficiency of firms in different groups that may not 
have the same technology without splitting up the data, while the random parameters 
model allows firm heterogeneity to be built into the stochastic frontier. 
Secondly, the effect of the privatisation program in Vietnam may be better depicted if 
data on SOEs are available. However, the non-state small and medium enterprise 
surveys of the Institute of Labour Science and Social Affairs did not collect information 
from SOEs, making the comparison of performance between state and non-state 
enterprises impossible. The data set from the General Statistics Office contains 
information of both types of ownership. Nevertheless, the provincial competitiveness 
index is intentionally calculated to evaluate impacts of the policy environment on the 
development of non-state firms, comparisons of the effects of institutional reforms on 
state and non-state enterprises are also impractical. Thus, the extension of data and 
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